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General Introduction





1Transmission of HIV
At the end of 2010, an estimated 34 million people were living with human 
immunodeficiency virus type 1 (HIV-1, referred to as HIV), the causative agent 
of acquired immunodeficiency syndrome (AIDS). Although the worldwide rate 
of new infections is declining, the number of people living with HIV is still 
increasing. In Western and Central Europe and in North America, the incidence 
of HIV remains constant resulting in an estimated 2.2 million people living with 
HIV in 2010. However, the number of aids-related deaths has been stable for 
the past ten years in these areas. This is largely due to increasing access to 
suppressive HIV treatment1.

Although HIV can be transmitted vertically from mother to child or via 
contaminated blood products and needles, the vast majority of individuals 
are infected via sexual contact. The rate of HIV transmission per coital act is 
influenced by many factors such as stage of the infection of the index patient, 
plasma HIV RNA, type of sexual contact and co-infections in both index patient 
and recipient. The probability of HIV transmission per sexual event is low2. 
Although only one or very few virions initiate the infection of the new host3, 4, 
shortly after establishment of the infection the viral population rapidly expands 
to a very large population5. As the error rate of HIV reverse transcriptase 
during HIV replication is high6 and recombination events are frequent7, the HIV 
population becomes a heterogenic and dynamic viral population consisting of 
genetically distinct, but closely related HIV variants: the quasispecies. Within 
the quasispecies, wild type is defined as the most fit and most common variant. 

Antiretroviral Therapy
Before 1996, only a limited number of drugs were available to treat HIV and 
therapy consisted of one or two nucleoside reverse transcriptase inhibitors 
(NRTIs). These therapy regimens often caused selected of mutations conferring 
drug-resistance8, 9. After the approval of the first protease inhibitors (PI) and 
non-nucleoside reverse transcriptase inhibitor (NNRTI) in 1996, highly active 
antiretroviral therapy (HAART) became available. The combination of three 
drugs from at least two drug classes not only resulted in a rapid decrease of HIV 
replication and increase of CD4+ T cell counts, it also reduced the mortality and 
morbidity related to HIV infection and AIDS10-12. However, initial HAART also led 
to the selection of multi-drug resistant HIV variants13. Currently, optimization of 
HAART regimens has resulted in successful viral suppression with a low pill burden 
and limited side effects in the vast majority of patients. In addition, increased viral 
suppression led to a decreased selection of multi-drug resistant HIV variants14, 15. 
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Transmission of Drug-Resistant HIV variants
Unfortunately drug-resistant HIV variants can also be transmitted. Several years 
after the approval of AZT for HIV treatment, the first case of drug-resistant HIV 
transmission was reported16. Epidemiological studies in cities in the United States 
investigating newly infected patients in the late nineties revealed increasing 
transmission rates of drug-resistant HIV variants17, 18. In the same period in Europe, 
the retrospective CATCH study showed that 1 in 10 newly diagnosed patients 
were diagnosed with HIV variants harbouring drug-resistance mutations19. More 
recently, the large, prospective European study SPREAD demonstrated that the 
prevalence of viruses harbouring transmitted drug-resistance mutations remains 
stable just below 10% between 2002 and 200720. 

As transmission of drug resistant HIV variants is common and can contribute to 
therapy failure21, current guidelines recommend performing a resistance test of 
protease and reverse transcriptase on the earliest available sample22. Resistance 
tests in clinical practise and epidemiological studies are usually conducted by 
population sequencing which can detect viral minorities making up 10-20% of 
the quasispecies. More sensitive assays can detect viral variants harbouring 
resistance mutations present in less than 1% of the viral population. The use 
of more sensitive methods leads to an increased detection of transmitted drug 
resistant HIV variants23. 

Scope of this Thesis
The aim of this thesis was to investigate the transmission and evolution of drug 
resistant HIV variants. NRTIs, NNRTIs and PIs were not only the first available 
drug classes, but are still most commonly used in clinical practise. Therefore, we 
focussed our studies on drug resistance in protease and reverse transcriptase. 

In Chapter 2, we investigated the impact of the replicative capacity on the 
transmission efficacy of drug resistant HIV variants. Next, we have explored 
the evolution of drug-resistant variants after transmission. An extensive 
literature search was performed in Chapter 3 and evolution was investigated 
in more detail in Chapter 4. Furthermore, we have studied the clinical impact 
of transmission of drug-resistant variants. A transmission cluster containing 
eight patients diagnosed with an HIV variant harboring several drug resistance 
mutations was studied in detail in Chapter 5. In Chapter 6, we investigated 
the viral quasispecies in a group of patients diagnosed with HIV variants with a 
single drug resistance mutation. In Chapter 7 we explored the impact of M41L, 
a drug resistance mutation frequently observed in transmitted HIV variants. In 
Chapter 8, a case of superinfection is researched.  
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Abstract
Different patterns of drug resistance are observed in treated and therapy naïve 
HIV-1 infected populations. Especially the NRTI-related M184I/V variants, which 
are among the most frequently encountered mutations in treated patients, are 
underrepresented in the antiretroviral naive population. M184I/V mutations are 
known to have a profound effect on viral replication and tend to revert over 
time in the new host. However, it is debated whether a diminished transmission 
efficacy of HIV variants with a reduced replication capacity can also contribute 
to the observed discrepancy in genotypic patterns. 

As dendritic cells (DCs) play an pivotal role in HIV-1 transmission, we used a 
model containing primary human Langerhans cells (LCs) and DCs to compare 
the transmission efficacy M184 variants (HIV-M184V/I/T) to HIV wild type 
(HIV-WT). As control, we used HIV harbouring the NNRTI mutation K103N 
(HIV-K103N) which has a minor effect on replication and is found at a similar 
prevalence in treated and untreated patients. 

In comparison to HIV-WT, the HIV-M184 variants were less efficiently transmitted to 
CCR5+ Jurkat T cells by both LCs and DCs. The transmission rate of HIV-K103N was 
slightly reduced to HIV-WT in LCs and even higher than HIV-WT in DC. Replication 
experiments in target cells revealed no apparent differences in replicative capacity 
between the mutant viruses and HIV-WT. However, the infection rate of LCs and DCs 
was in concordance with the transmission results; infection by HIV-M184 variants 
was lower than infection by HIV-WT, and the level of infection by HIV-K103N was 
intermediate for LCs and higher than HIV-WT for DCs. 

Our data demonstrates that drug resistant M184-variants display a reduced 
replicative capacity in LCs and DCs which directly impairs their transmission 
efficacy. As such, diminished transmission efficacy contributes to the lower 
prevalence of drug resistant variants in therapy naive patients.
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Introduction
HIV variants harbouring drug-resistance mutations are detected in approximately 
10% of all newly diagnosed patients in the Western world1, 2. Large clinical 
studies indicated that transmitted drug resistance may impact virological and 
immunological response to initial antiretroviral therapy3, 4. A change from 
a methionine to valine or isoleucine at position 184 (M184V/I) in reverse 
transcriptase (RT) is the most frequently observed resistance mutation in patients 
experiencing treatment failure5-7 but is only rarely observed in untreated, newly 
diagnosed individuals using population-based sequencing assays1, 2, 5. M184V/I 
causes high level resistance against the nucleoside reverse transcriptase inhibitors 
lamivudine and emtricitabine, but at the same time considerably decreases the 
processivity of reverse transcriptase (RT) resulting in a reduced viral replicative 
capacity (RC)8, 9. Contrary to M184V, the frequently observed RT mutation K103N 
has a similar prevalence in treated and untreated patients5. The presence of 
K103N causes high levels of resistance against the non-nucleoside reverse 
transcriptase inhibitors efavirenz and nevirapine. K103N has only a modest effect 
on viral RC10, 11, and can persist for years after transmission to a new host12. 

The low prevalence of the M184V mutation in therapy-naive individuals may 
be explained by the reduced RC of this mutant, which can directly impair 
transmission efficacy and/or lead to reversion of M184V in the new host. When 
HIV variants harbouring M184V are transmitted to a new host, rapid reversion 
of the M184V variant has been documented (reviewed in 12). Accordingly, 
the M184V variant can be detected as a minority species in recently infected 
individuals using very sensitive assays, which is suggestive of reversion to 
wild type5. In addition, diminished transmission efficacy of the M184V variant 
has been suggested based on mathematical modelling and a macaque SHIV 
model13, 14. However, the impact of RC on transmission efficacy has never been 
investigated in a human transmission model. 

Sexual HIV transmission is an inefficient process during which one or only 
a limited number of virions initiate an infection in a new host, resulting in a 
severe transmission bottleneck15, 16. Although CD4+ T cells are the predominant 
target cells of HIV, it has been postulated that dendritic cells (DCs) naturally 
residing in the genital mucosa play a major role during sexual transmission17-19. 
Within the genital mucosa, Langerhans cells (LCs) reside in the epithelial layer 
and are the first DC subset encountered by HIV. LCs express the C-type lectin 
receptor langerin that captures HIV, leading to internalization and degradation 
of HIV. LCs therefore function as a natural barrier against HIV transmission20. 
However, when the protective function of langerin is saturated, for example in 
the presence of a high inoculum or when langerin is downregulated due to cell 
maturation, LCs can become infected and subsequently transmit HIV to T cells. 
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Furthermore, DC-SIGN+ DCs, which reside in the sub-epithelium, can transmit 
HIV to T cells. These DCs express the C-type lectin DC-SIGN that efficiently 
captures HIV and transmits the virus to T cells21. Transmission by DCs occurs 
either as a result of infection of DCs and subsequent de novo virus production 
(in cis), or by uptake and transfer of virions (in trans)15. 

The objective of this study was to investigate the transmission efficacy of the HIV-1 
M184V/I RT variants. We used an HIV transmission model containing primary 
human DCs to compare the transmission efficacy of HIV harbouring M184V/I to 
wild type HIV. With this virus panel, we demonstrated that the M184 variants were 
less efficiently transmitted to CCR5+ Jurkat T cells by both LCs and DCs, which 
was due to the lower RC of the M184 variants in both DC subsets. These results 
clearly imply a role for HIV RC in transmission efficacy and provide an additional 
explanation for the low prevalence of HIV M184V/I in therapy naïve individuals.

Results
Impact of drug resistance mutations on transmission by LCs and DCs
We hypothesized that due to a diminished replication potential9, HIV harbouring 
M184V/I is less efficiently transmitted than HIV-WT or drug resistant virus 
variants with a high RC11. Therefore, we compared the transmission efficacy 
of HIV-M184V/I to HIV-WT and HIV-K103N. To gain more insight in the impact 
or RC on transmission efficacy, we additionally investigated the drug resistant 
HIV-M184T variant. The RC of HIV-M184T is even more impaired than the RC of 
M184V/I, and as such this variant is rarely observed in vivo but can be selected 
in vitro9, 22. Since DCs play an important role during HIV transmission17, 18, we 
assessed the transmission efficacy of this virus panel by two subsets of DCs: 
primary human LCs and human monocyte-derived immature DCs.

Migratory LCs were isolated from the epidermis of skin obtained after plastic 
surgery from multiple healthy donors (purity: >95%, described in ref 23) and 
exposed to HIV for four days to enable infection. To mimic HIV transmission, 
the exposed LCs were extensively washed and subsequently co-cultured with 
CCR5+ Jurkat T cells for two days. Infection of target cells was determined by 
intracellular p24 staining using flow cytometry. HIV-M184V, -I and –T (combined: 
HIV-M184 variants) were less efficiently transmitted by LCs than the HIV-WT, 
whereas the level of transmission of HIV-K103N was intermediate (Figure 1A). 

Monocyte-derived immature DCs were used as a model for sub-epithelial DCs24. 
Transmission by DCs obtained from multiple donors (purity: >90%, described in 
ref 20) was investigated in the aforementioned transmission model. In accordance 
with the results obtained by LCs, transmission of HIV-M184 variants from DCs to 
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Figure 1. Diminished transmission of M184 variants by LCs and DCs 
LCs (A) or DCs (B) were exposed to the equivalent of 17.5 (open bars) or 100 
ng (closed bars) p24 for four days, extensively washed and co-cultured for two 
days with CCR5+ Jurkat T cells. Cells were stained with antibodies against CD1a 
and intracellular p24, infection was analyzed by flow cytometry. The relative 
percentage of p24 positive cells compared to the percentage of cells infected by 
HIV-WT is depicted. Data are representative for 2 (LCs) or 4 (DCs) independent 
experiments. Abbreviations: WT: HIV-WT, M184V: HIV-M184V, M184I: HIV-
M184I, M184T: HIV-M184T, K103N: HIV-K103N, n.c.: no infection control. 

A. Transmission LCs to CCR5+ Jurkat T cells B. Transmission DCs to CCR5+ Jurkat T cells 
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target cells was lower than HIV-WT (Figure 1B) for 3/4 donors. The transmission 
rate of HIV-K103N was even higher than HIV-WT in all but one experiment.
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bars) p24 for four days, extensively washed and co-cultured for two days with CCR5+ 
Jurkat T cells. Cells were stained with antibodies against CD1a and intracellular p24, 
infection was analyzed by flow cytometry. The relative percentage of p24 positive 
cells compared to the percentage of cells infected by HIV-WT is depicted. Data are 
representative for 2 (LCs) or 4 (DCs) independent experiments. Abbreviations: WT: 
HIV-WT, M184V: HIV-M184V, M184I: HIV-M184I, M184T: HIV-M184T, K103N: HIV-
K103N, n.c.: no infection control.

Replicative capacity of mutant viruses in target cells
Although the RC of HIV-M184V and HIV-M184I is decreased in primary T cells, 
we have previously shown that the RC of the mutants is similar to HIV-WT in 
a T cell line9. To confirm that the observed differences in transmission efficacy 
are caused by transmission from DCs rather than replication in the target cells, 
we assessed the RC of all viruses in the CCR5+ Jurkat T cells that were used 
in the transmission experiments. No apparent differences in RC were observed 
between the mutant and wild type viruses (Figure 2A). As an additional control 
to minimize the impact of potential differences in replication in target cells, 
the transmission experiments were repeated using different target cells and a 
single cycle read out. Therefore, LCs and DCs were exposed to the HIV variants 
as aforementioned, but replication in TZM-bl target cells was limited to one 
round of replication by (pre-)incubation with the protease inhibitor indinavir. In 
line with the results obtained with CCR5+ Jurkat T cells, HIV-M184 variants and 
HIV-K103N were less efficiently transmitted by LCs than HIV-WT (Figure 2B). 
The transmission efficacy of DCs to TZM-bl target cells was also comparable to 
the CCR5+ Jurkat T cells; the HIV-M184 variants were less frequently transmitted 
as HIV-WT and the HIV-K103N transmission efficacy was comparable to HIV-WT 
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Figure 2. The diminished transmission of M184 variants is not caused by replication in 
target cells 
A: To determine the replicative capacity of the virus panel in target cells, CCR5+ Jurkat T 
cells were infected in the absence of drugs and p24 production was monitored daily. 
Average infection with standard deviation is depicted.  
B-C: LCs (B) or DCs (C) were exposed to the equivalent of 17.5 (open bars) or 100 ng 
(closed bars) p24 for four days, extensively washed and co-cultured for two days with 
TZM-bl cells pre-incubated with indinavir. Infection was measured by luminescence 
compared to HIV-WT. Data are representative for 1 (LCs) and 2 (DCs) donors. 
Abbreviations: WT: HIV-WT, M184V: HIV-M184V, M184I: HIV-M184I, M184T: HIV-M184T, 
K103N: HIV-K103N, n.c.: no infection control. 
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(Figure 2C). These data suggest that the diminished transmission of M184 
variants by LCs and DCs is not caused by replication in target cells. 

Figure 2. The diminished transmission of M184 variants is not caused by 
replication in target cells. A: To determine the replicative capacity of the virus 
panel in target cells, CCR5+ Jurkat T cells were infected in the absence of drugs and 
p24 production was monitored daily. Average infection with standard deviation is 
depicted. B-C: LCs (B) or DCs (C) were exposed to the equivalent of 17.5 (open bars) 
or 100 ng (closed bars) p24 for four days, extensively washed and co-cultured for 
two days with TZM-bl cells pre-incubated with indinavir. Infection was measured by 
luminescence compared to HIV-WT. Data are representative for 1 (LCs) and 2 (DCs) 
donors. Abbreviations: WT: HIV-WT, M184V: HIV-M184V, M184I: HIV-M184I, M184T: 
HIV-M184T, K103N: HIV-K103N, n.c.: no infection control.

Replicative capacity of mutant viruses in LCs and DCs
Next, we investigated if the observed differences in transmission efficacy can 
be explained by the RC of HIV-WT and the drug resistant viruses in LCs and 
DCs. To do so, LCs or DCs were exposed to all viruses for six days to enable 
cis-infection25, after which the infection rate of CD1a (marker for DCs) positive 
cells was measured by detection of intracellular p24 by flow cytometry. It 
was previously described that LCs have a low susceptibility to HIV infection20. 
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Figure 3. Lower infection of LCs and DCs by M184 variants 
HIV infection of LCs (A) or DCs (B) by a panel of HIV-1 drug resistance variants (M184V, -I, -T and 
K103N) was measured after six days. All infections were started with virus equivalent to 17.5 ng 
(open bars) and 100 ng (filled bars) p24. Cells were stained with antibodies against CD1a and 
intracellular p24, infection was analyzed by flow cytometry. A representative donor for 2 (LCs) or 4 
(DCs) independent experiments is shown. The relative percentage of p24 positive LCs compared to 
the percentage of cells infected by HIV-WT is depicted. 
Abbreviations: WT: HIV-WT, M184V: HIV-M184V, M184I: HIV-M184I, M184T: HIV-M184T, K103N: 
HIV-K103N, n.c.: no infection control. 
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Discussion 
We have investigated the impact of drug resistance mutations in HIV RT on 
the transmission efficacy. K103N and M184V are both frequently observed in 
patients experiencing therapy failure, but whereas M184V is rarely detected in 
newly diagnosed patients, K103N is often observed2, 7. It was debated whether 
a diminished transmission efficacy could contribute to this observed discrepancy 
in prevalence. We compared transmission of wild type HIV with HIV-M184V 
in an HIV transmission model containing primary human DCs. In addition, 
we investigated transmission of HIV-K103N and HIV-M184T as controls. We 

Although the percentage of infected LCs was indeed low, the level of infection 
by HIV-M184 variants was clearly reduced as compared to infection by HIV-WT. 
In agreement with the LC transmission experiments, the infection level of LCs 
by HIV-K03N was intermediate (Figure 3A). Furthermore, the level of infection 
of DCs was also in line with the observed transmission efficacy of DCs to T 
cells. Compared to HIV-WT, the infection rate of HIV-M184 variants was lower 
in DCs. The infection rate of HIV-K103N was comparable to HIV-WT, which is in 
agreement with the observed transmission data (Figure 3B). Combined, these 
data strongly indicate that the observed diminished transmission efficacy of 
HIV-M184 variants is caused by a decreased infection of LCs and DCs.

Figure 3. Lower infection of LCs and DCs by M184 variants. HIV infection of 
LCs (A) or DCs (B) by a panel of HIV-1 drug resistance variants (M184V, -I, -T and 
K103N) was measured after six days. All infections were started with virus equivalent 
to 17.5 ng (open bars) and 100 ng (filled bars) p24. Cells were stained with antibodies 
against CD1a and intracellular p24, infection was analyzed by flow cytometry. A 
representative donor for 2 (LCs) or 4 (DCs) independent experiments is shown. The 
relative percentage of p24 positive LCs compared to the percentage of cells infected 
by HIV-WT is depicted. Abbreviations: WT: HIV-WT, M184V: HIV-M184V, M184I: HIV-
M184I, M184T: HIV-M184T, K103N: HIV-K103N, n.c.: no infection control.
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demonstrated that transmission by LCs and DCs to T cells is affected by the 
replication capacity defect caused by the M184 mutation. 

It has been known for a long time that the RC of HIV harbouring M184V/I/T is 
reduced in primary T cells9, 22. Our data demonstrate that replication in primary 
LCs and DCs is also affected and as a result, transmission to T cells is diminished. 
Our results are in line with a study that compared transmission of SHIV wild type 
and M184V in rhesus macaques. In a repeated low-dose rectal transmission 
model, a larger inoculum was needed to successfully infect macaques with a 
SHIV variant containing M184V, indicating that mucosal transmissibility of the 
M184V variant is lower than wild type13. 

Previous studies have demonstrated that K103N has a modest impact on RC10, 11. 
In our HIV transmission model, the infection of and transmission by primary 
DCs of HIV-K103N was indeed consistently higher than the HIV-M184 variants. 
Remarkably, the level of infection of DCs by the K103N mutant was even 
higher than HIV-WT in the majority of donors. DCs obtained from one donor 
efficiently transmitted all viral variants except HIV-M184T (data not shown). 
The atypical transmission by one donor affirms that DCs have a major impact 
on the observations in the used assay. Interestingly, infection and transmission 
of HIV-K103N by DCs was even more efficient than HIV-WT transmission. It will 
be informative to investigate this observation in more detail as it may provide 
additional insights in the role of RC in transmission efficacy.

Several studies have addressed transmission efficacy in humans by comparing the 
prevalence of drug-resistant HIV variants in newly diagnosed patients and treatment-
experienced patients14, 26, 27. These studies observed a reduced transmission rate 
of HIV variants harbouring drug resistance mutations. Such in vivo approaches 
measure the net result of potential differences in transmission efficacy combined with 
potential reversion of drug-resistance mutations after transmission to the new host. 
M184V is known to revert rapidly after transmission12. Using in vitro experiments, 
we were able to exclusively investigate the impact of drug resistance mutations on 
the transmission efficacy. Human DCs can either be productively infected in cis, or 
transfer virions by trans infection28-30. As the RC can only affect infection in cis, we 
used a human transmission model with a strong bias to cis infection.

Our data indicate that the RC of HIV variants with RT drug resistance mutations 
can impact the transmission efficacy. This may contribute to the discrepancy of the 
prevalence of M184V in treatment-experienced and naive individuals. In addition 
to RT drug resistance mutations, also variants harbouring protease or integrase 
inhibitor resistance mutations decrease viral RC31, 32. Determination of the impact 
of mutations affecting other steps in the viral replication cycle on transmission 
efficacy may enhance our understanding of the role of RC in transmission. 
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Conclusions 
We have shown a diminished transmission of M184 variants from LCs and DCs 
to target cells, which was likely caused by the lower RC of M184 variants in 
LCs and DCs. Therefore, a diminished transmission efficacy of drug-resistant 
variants provides an additional mechanism explaining the observed discrepancy 
in prevalence of replication-deficient drug-resistant HIV variants in treatment-
experienced and naive individuals.

Materials and Methods 
Virus panel
The site-directed mutants M184V, M184I and M184T were previously 
generated9, 22 in the background of HXB2. The mutation resulting in amino 
acid change K103N was introduced in HXB2 by site-directed mutagenesis 
using the previously described vector system with addition of primer K103N 
(5’-GTTACTGATTTGTTCTTTTTTAACCC-‘3)33. Tropism of all viral variants was 
changed from CXCR4-tropic to CCR5-tropic by replacing the HXB2-V3 loop with 
the V3 loop of the CCR5-tropic lab strain BaL). HXB2-cBaL, referred to as HIV-WT, 
was generated by introducing a unique BmgBI-restriction site at position 7091 
in HXB2. After restriction with BmgBI and NheI, nucleotides 7091 to 7260 of 
HXB2 were replaced by V3 of BaL. Subsequently, the plasmids containing drug-
resistance mutations were restricted by NcoI and NheI and nucleotides 5675 to 
7260 of these plasmids were replaced by the corresponding region of HXB2-cBaL. 

Virus was obtained by transfection of HEK293T cells with plasmid DNA using 
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol. 
Virus was quantified by p24 analysis. To exclude a possible influence of different 
batches, all steps of virus production were performed synchronized. 

Cells
CCR5+ Jurkat T cells were generated and maintained as previously described20. 
TZM-bl cells that express CCR5 were obtained through the NIH AIDS Research 
and Reference Reagent Program and maintained as recommended. Donor PBMCs 
were obtained by Ficoll-Paque density gradient centrifugation of heparinized 
blood from five HIV-seronegative donors, pooled and stored at -80°C until use. 
PBMCs were stimulated for three days with phytohaemagglutinin (2mg/l) in 
culture medium (RPMI 1640 with L-glutamine (Lonza, Verviers, Belgium), 10% 
fetal bovine serum (Sigma-Aldrich, Zwijndrecht, the Netherlands) and 10 µg/ml 
gentamicin (Invitrogen, Breda, the Netherlands). LCs and DCs were obtained 
from multiple donors as previously described20. In short, for LC isolation, 
epidermis was separated by dipase II treatment (1mg/ml, Roche Diagnostic 
Systems, Somervolle, NJ) and cultured until LC maturation and migration. The 
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resulting cell suspension was purified by CD1a positive selection using MACS, 
according to the manufacturer’s protocol (Miltenyi Biotec, Auburn, CA). This 
procedure yielded a >95% pure CD1a LC population23. Monocytes were isolated 
by density centrifugation of PBMCs and cultured for five days in the presence of 
800 U/ml IL-4 and 1000 U/ml GM-CSF to stimulate differentiation into DCs. The 
purity of obtained DCs was >90%24.

Viral replication capacity
RC in CCR5+ Jurkat T cells was determined in duplicate by infecting 2x106 cells 
with the equivalent of 40 ng p24 of each virus. After two hours of inoculation, 
cells were washed twice with RPMI 1640 medium with L-glutamine and 
resuspended in 10 ml culture medium with 5 U/ml IL-2 (Roche, Mannheim, 
Germany). 300 µl cell-free supernatant was harvested daily for p24 analysis. 
Cultures were maintained for 14 days.

Infection of DCs and LCs was determined by infecting 50,000 cells with 17.5 
or 100 ng p24. After 6 days of infection, cells were stained with α-DC1a as a 
marker for DCs and α-p24 as marker for productive HIV infection. Living cells 
were gated based on forward and sideward scatter; DCs were distinguished 
based on CD1a expression. 

HIV transmission 
5,000 DCs or LCs were infected with the equivalent of 17.5 and 100 ng p24 
of all HIV variants for four to five days. After extensive washing, DCs or LCs 
were added to the target cells, which were either 50,000 CCR5+ Jurkat T cells 
or TZM-bl cells that were pre-seeded on 96 well plate (confluence 70%). After 
2 days of co-culture, infection was measured by flow cytometry as described 
above (CCR5+ Jurkat T cells) or by luminescence (TZM-bl cells). TZM-bl cells 
were (pre-) incubated with 1,000 nM indinavir to investigate a single replication 
cycle after transmission. 

Antibodies
The following antibodies were used: CD1a-FITC (BD Pharmingen, San Diego, CA, 
USA), CD1a-APC, CD3-PE (both BD Bioscience, San Jose, CA, USA), CD4-PerCP 
(BD Pharmingen), CD4-Alexa488 (Biolegend, San Diego, CA, USA), CCR5-APC 
(CD195) (BD Pharmingen), CXCR4-PerCP (R&D systems, Minneapolis, MN, 
USA), Langerin-PE (CD207), p24-PE (both Beckman Coulter, Fullerton, CA, USA) 
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Abstract
Several large studies in Europe and the United States revealed that approximately 
10% of all newly diagnosed patients harbour HIV-1 variants with at least one 
major resistance-associated mutation. In this review we discuss the underlying 
mechanisms that drive evolution of drug-resistant viruses after transmission 
to the new host. In a comprehensive literature search 12 papers describing 
evolution of 58 cases of transmitted resistant HIV-1 variants were found. 

Based on the observations in literature we propose three pathways describing 
the evolution of resistant HIV-1 after transmission to a new host. Firstly, 
reversion of the resistance mutation towards wild-type may rapidly occur when 
drug resistance mutations severely impact replicative capacity. Alternatively, a 
second pathway involves replacement of transmitted drug resistance mutations 
by atypical amino acids that also improve viral replication capacity. In the third 
evolutionary pathway the resistance mutations persist either because they do 
not significantly affect viral replication capacity or evolution is constrained by 
fixation through compensatory mutations. 

In the near future ultra-sensitive resistance tests may provide more insight 
into the presence of archived and minority variants and their clinical relevance. 
Meanwhile, clinical guidelines advise to perform population sequence analysis 
of the baseline plasma sample to identify transmission of resistance. Given 
the limited sensitivity of this technique for minority populations and the delay 
between the moment of infection and time of analysis, knowledge on the 
described evolutionary mechanisms of transmitted drug resistance patterns is 
essential for clinical management and public health strategies.
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Introduction 
Current guidelines supporting the earlier start of therapy and the recent 
introduction of new classes of potent and more tolerable antiretroviral drugs 
have reduced the number of HIV-infected individuals with detectable plasma 
HIV-RNA in the developed world. Given the correlation between the level of 
HIV-RNA in the individual and the risk of transmission,1 it may be presumed that 
increased viral suppression at a population level will reduce the number of new 
infections2. Consequently, the individuals most likely to transmit HIV will be as 
follows: those unaware of their infection status; diagnosed patients with high 
CD4 cell counts who are not yet eligible for therapy; or treatment-experienced 
patients with unsuppressed plasma viremia caused by therapy failure. The latter 
group represents an obvious risk for transmission of drug-resistant HIV; several 
reports have indicated that 75-80% of treated individuals with detectable plasma 
HIV RNA levels carry viruses with reduced susceptibility to one or more drugs3, 4. 

Surveillance studies have shown that approximately 10% of new HIV-1 infections 
involve drug-resistant strains, indicating that treated individuals are indeed 
involved in the spread of new infections. However, it has been shown that 
individuals de novo infected with drug-resistant viruses can also serve as a source 
of subsequent infections and thus contribute to the spread of drug-resistant HIV5-7. 

The European HIV-1 surveillance program Strategy to Control SPREAD of HIV 
Drug Resistance (SPREAD) is the largest ongoing prospective study investigating 
transmission of drug-resistant HIV. In this programme, data and samples from 
recently diagnosed treatment-naïve individuals are collected using a strategy 
enabling representative sampling among different transmission groups. The 
program has revealed a stabilizing prevalence of viruses with drug resistance 
mutations of 8.4% in 2793 treatment-naïve patients in 2002-058. This level 
is comparable with the earlier retrospective European Combined Analysis of 
Resistance Transmission over time of Chronically and acute infected HIV patients 
(CATCH) study (10.4%), which was conducted from 1996 to 20029. Similar 
results have been reported in a large study in the United States. Between 1997 
and 2001 over 1,080 recently infected treatment-naive patients were enrolled of 
whom 8.3% carried HIV-1 with resistance associated mutations10. More recent 
data from patients diagnosed in 2006 in 11 surveillance areas in the United 
States showed a higher prevalence of 14.6%11. In studies conducted in specific 
risk groups, e.g. Caucasian homosexual men in large cities, even higher levels 
of transmitted resistance of up to 25% have been reported12-14. In resource-
limited countries with a shorter history of antiretroviral availability, infection 
with drug-resistant HIV-1 is less common15. Nevertheless, a recent report has 
shown that even in these settings transmission of resistance can be relatively 
frequent if exposure to therapy in the area is high16. Furthermore, high rates of 
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mother-to-child transmission of drug-resistance have been reported, especially 
in studies investigating the effect of single-dose Nevirapine in resource limited 
settings17. Recently, interventions with expanded drug regimes including short 
courses of NRTIs or replacement of single-dose Nevirapine by a complete HAART 
regimen have shown decreased rates of transmission and resistance18, 19.

Although information on follow-up of individuals with transmitted resistance 
is limited in literature, most available cases show persistence of major drug 
resistance profiles for a long time20-29. Nonetheless, reversion of the transmitted 
drug resistance patterns in the plasma has been reported as well20-26, 28, 30, 31. 
Furthermore, data from the CATCH study indicated a higher level of resistance 
in recently infected individuals compared with individuals with a longer or 
unknown duration of infection, suggesting that reversion of resistant viruses 
to drug sensitive variants does occur rather frequently over time32. Additional 
evidence of viral evolution following infection comes from the frequent detection 
of atypical variants on drug resistance positions, mainly 215 in reverse 
transcriptase (RT), in newly diagnosed individuals30, 33, 34. These mutations, often 
representing molecular intermediates between drug-resistant mutants and wild-
type, are rarely seen in treated individuals. 

Thus, in the absence of drug selective pressure in the new host transmitted 
drug-resistant viruses may revert to wild-type, evolve to other variants or 
persist. Insight into whether particular variants are likely to revert, evolve or 
persist has important implications for prevalence studies, public health and 
clinical management. This review discusses the current literature and will try to 
shed some light on the mechanisms that drive the evolution of resistant variants 
after transmission to a new host.

Methods
A comprehensive literature search using the primary search terms “reversion” 
or “persistence” combined with “HIV”, “transmission” and “resistance” and on 
Pubmed resulted in the selection of a number of papers describing the evolution 
of transmitted resistance in the new host in absence of therapy22, 24, 28, 29, 31, 35. 
Some additional papers regarding the evolution of drug-resistant HIV-1 after 
transmission that were found through citations were also included20, 21, 23, 25-27, 30.

Since it is only possible to distinguish between natural variation and 
transmitted resistance for mutations that are not present as variants in the 
natural quasispecies, this review focuses on primary mutations as listed in the 
International AIDS Society mutation table36. This list was chosen because it 
is used most often to characterise resistance-associated mutations. Secondary 
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mutations may also be selected under drug-selective pressure, but may also 
appear as natural polymorphisms and therefore cannot be used as reliable 
indicators of exposure to antiretroviral drugs in a previous host. Recently, an 
updated consensus list of the WHO genotypic definition of transmitted drug 
resistance was published, which will be useful for future publications37. 

In the literature, time after diagnosis or (presumed) infection is calculated in 
weeks or months. For convenience and transparency of the literature overview 
in Table 1, we calculated persistence over time in months. Described cases 
of superinfection22 or a presumed recombination event21 were excluded from 
this review. Several papers did not only investigate mutations present in virus 
particles in plasma, but also analysed peripheral blood mononuclear cells 
(PBMCs) to study archived mutations24, 27 or performed clonal sequencing to 
look into the presence of viral subpopulations24, 28, 31. These data are included in 
the results section, but not in Table 1.

Results
A total of 58 cases infected with drug-resistant HIV-1 from 12 papers were 
included. An overview of these cases and the evolution of the particular mutational 
patterns over time are displayed in Table 1. These papers focused either on the 
reverse transcriptase (RT) domain or on both RT and protease (PR). 

One of the first papers describing the evolution of transmitted resistance 
mutations in RT was published in a Swiss Cohort30. Yerly et al reported four 
seroconverters who were infected with viruses harbouring mutations in RT 
associated with resistance to thymidine analogues (TAMs). Over time, partial 
reversion of resistance was observed in all cases with persistence of the M41L 
only. On position 215 the resistant variants Phenylalanine and Tyrosine (F and Y, 
respectively) were replaced in plasma by other variants than wild-type. The 
Amsterdam cohort reported similar findings in eight patients infected with a 
virus containing TAMs20.

Several other groups have reported on more extensive transmitted 
resistance21, 22, 25, 26, 29, 31. In general, in the absence of treatment, the RT mutation 
M184V became undetectable by population sequencing and 215 mutations are 
replaced by other variants. Within the extensive PR profiles, individual mutations 
occasionally reverted over time but the majority of mutations persisted.

In the San Diego cohort, multiple cases of transmitted Non-Nucleoside Reverse 
Transcriptase Inhibitor (NNRTI)-related resistance were followed during their 
treatment naive period28. The NNRTI resistance mutation K103N was seen in 
11 men who have sex with men and reverted to wild-type in only two cases; 
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incomplete reversion was observed in two other patients after 38 and 212 weeks. 
Other NNRTI resistance mutations reverted only partially (Y181C and P225H) 
or persisted (Y188L) during follow-up. Some resistance mutations appeared in 
mixture during follow-up; these mutations might have been present on a level 
near the detection threshold of the assay.

Limited information is available on evolution of resistance in other genes. 
Besides the PR gene itself, the PR substrate Gag also plays an important role in 
the development of resistance against PR Inhibitors (PIs), but is not included 
in this review38. Polymorphisms and resistance-related mutations in Gag are 
not well defined yet, making it difficult to distinguish between transmitted drug 
resistance and natural variation. Of interest, a higher prevalence of specific Gag 
resistance mutations has been described in patients infected with viruses also 
harbouring PI mutations compared to patients infected with wild-type viruses39. 
Unfortunately, no follow-up data on evolution of these profiles have been 
reported. Also, for newer drug classes such as entry and integrase inhibitors, 
more information on the natural variation in their target genes is necessary to 
enable identification of indicators of transmitted resistance to new compounds. 
Two groups reported transmission of viruses with resistance mutations to the 
fusion inhibitor enfuvirtide40, 41. However, long-term persistence or reversion after 
transmission of variants resistant to this inhibitor has not yet been documented. 
Only one case of transmitted resistance against integrase inhibitors has been 
described so far. In this case integrase resistance mutations G140S and Q148H 
persisted for 48 weeks42. It would be of interest to investigate the evolution of 
transmitted resistance against integrase inhibitors more in depth. 

Evolutionary Pathways of Transmitted Drug-resistance 
After the complete removal of drug selection pressure in treated individuals, a rapid 
reappearance of wild-type HIV that persisted in the cellular compartment has been 
observed43. After transmission of drug-resistant HIV to a new host, such a rapid 
shift is unlikely given that wild-type virus is rarely co-transmitted44. Therefore, 
when only drug-resistant variants are present in the new host, a novel starting 
point for viral evolution is created; there is no ‘memory’ of the original wild-type 
in the quasispecies. Nucleotide changes in the quasispecies are modulated by 
chance events and will be selected if they have a beneficial effect on viral fitness. 
Transmitted drug-resistant variants may persist or fade away from detection in the 
plasma depending on their relative fitness in the new environment. 

As summarized in Table 1, particular transmitted drug resistance mutations or 
patterns seem to persist in the plasma quasispecies while others are lost over 
time. We identified three possible evolutionary pathways of viral evolution after 
transmission, caused by different underlying mechanisms.
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Pathway I: Evolution to wild-type (Reversion of Transmitted Drug 
Resistance)
It is widely accepted that most major drug resistance mutations in RT and PR 
lower the replicative capacity (RC) of HIV45-47. If there is no beneficial effect of 
the resistance mutations after transmission to a new host, reversion to wild-type 
may be observed. This pathway is graphically depicted in Figure 1. 

A striking example from the reviewed literature as summarised in Table 1 is the 
NRTI resistance associated mutation M184V, which was replaced by wild-type 
in the plasma in six out of seven cases within 16 months (median 9.5 months; 
range 5-15 months). This mutation persisted in only one case, together with a 
combination of RT mutations (M41L, M184V, T215Y, K219G in RT) in a virus also 
harbouring multiple PI mutations25. The M184V significantly affects the RC of 
HIV-148. Since the difference between wild-type and the drug-resistant variant is 
only one nucleotide change (ATGWT  GTGvar), a virus containing only the M184V 
mutation can rapidly revert to more replication competent wild-type virus.

Incomplete reversion can be observed after transmission of resistance patterns 
that require more than one mutation for full reversion to wild-type. This is 
commonly observed at particular amino acid positions where two nucleotide 
changes are necessary to revert from the mutant form to wild-type incomplete 
reversion may result in intermediates. Such intermediates or revertants are 
commonly observed at codon 215 in RT and codon 82 in PR. The T215Y and T215F 

Figure 1. Evolution to wild-type. After transmission, the RC (y-axis) of the 
transmitted drug-resistant variant (TR) is lower than that of wild-type (WT). Due 
to complete (1) or incomplete (2) reversion of the drug resistance mutation, the 
replicative capacity is restored or improved.

WT

TR

RC

Time after infection

1

2

Figure 1. Evolution to wild-type
After transmission, the RC (y-axis) of the transmitted drug-resistant
variant (TR) is lower than that of wild-type (WT). Due to complete
(1) or incomplete (2) reversion of the drug resistance mutation, the
replicative capacity is restored or improved.
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mutations are selected by thymidine analogues and cause (cross) resistance to 
all NRTIs20, 33. Both changes have a considerable impact on RC49. It appears that 
the intermediate variants T215S, T215N and T215I have considerably higher 
replication capacity than T215Y and T215F, almost approaching the RC of wild-
type20. As a result, these intermediate variants tend to persist, as evident in 
Table 1. Of the 16 patients infected with a viral variant containing either the 
T215Y or 215F mutation, five were replaced with intermediates that persisted 
in four cases. 

Pathway II: Evolution towards Atypical Variants 
After transmission of drug-resistant HIV to a new host, a novel amino acid may 
be selected that is neither the wild-type codon nor an intermediate towards 
wild-type. In general, these atypical variants confer a higher replication capacity 
than the originally transmitted drug-resistant amino acid (Figure 2). In some 
occasions, these atypical variants represent amino acids that have been 
encountered in the untreated population and have been described as natural 
polymorphisms.

This phenomenon is often observed at position 215 in RT. At this position 
not only revertants are observed (as described above) but also variants that 
are not obvious intermediates between resistant variants and wild-type. Like 
revertants, these atypical variants have an increased replication capacity and 
increased susceptibility for thymidine analogues as compared to the originally 
transmitted drug-resistant variant. Figure 3 provides an overview of all the 
identified variations and their possible evolutionary 

Figure 2. Selection of atypical mutations. After transmission of a drug-resistant 
HIV variant, atypical amino acids that are neither wild-type nor intermediates may 
be selected, leading to improved RC.

Figure 2. Selection of atypical mutations
After transmission of a drug-resistant HIV variant, atypical amino acids that are neither
wild-type nor intermediates may be selected, leading to improved RC.
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Figure 3. Evolution of transmitted variants at position 215 of RT. Variants 
T215Y and T215F (depicted in red) cause resistance to NRTIs. 215S/N/I (orange) are 
intermediates between resistant and wild-type, and 215C/D/L/V/C/G (blue) are atypical 
variants. The wild-type amino acid on position 215 is Threonine (T) (depicted in green)

215T
ACC

215S
TCC

215F
TTC

215I
ATC

215Y
TAC

215N
AAC

215D
GAC

215C
TGC

215C
TGC

215V
GTC

215L
CTC

215G
GGC

Figure 3. Evolution of transmitted variants at position 215 of RT
Variants T215Y and T215F (depicted in red) cause resistance to NRTIs.
215S/N/I (orange) are intermediates between resistant and wild-type, and
215C/D/L/V/C/G (blue) are atypical variants. The wild-type amino acid on
position 215 is Threonine (T) (depicted in green)

Selection of a particular pathway may depend on the genetic variation in the 
drug-resistant variant. For instance, Garcia-Lerma et al. found that if the TAM 
M41L or L210W was present, the atypical variants T215D and T215C were 
observed more frequently than the intermediate T215S33. However, when 
changes at codon 215 were present in isolation the T215S was selected more 
often. We observed a similar trend in the reviewed literature for T215D and C, 
but not for T215S, possibly because this mutation was selected in only 4 cases. 

Interestingly, data from the World-wide Analysis of resistance Transmission over 
time of Chronically and acute infected HIV patients (WATCH) study indicate 
that novel variants at resistance positions are more often observed in newly 
diagnosed patients infected with other drug-resistant changes compared to 
patients infected with a wild-type background16. This observation provides 
further evidence that they develop from resistant variants rather than from 
natural variation of wild-type. 

Pathway III: Persistence of Transmitted Drug Resistance
Three mechanisms can explain persistence of resistant variants in the new 
untreated host. 

Persistence because of a minimal reduction in RC 
If the RC of transmitted drug-resistant variants is almost equal to that of wild-type, 
the replicative advantage of wild-type is limited and mutations may persist for a 
considerable time (Figure 4). For example, NNRTI resistance mutations, particularly 

Evolution of Drug-resistant HIV-1 after Transmission

43



K103N, have only a moderate effect on RC50. In the reports included in this review, 
transmission of K103N-containing variants was observed 21 times and persisted 
completely in 17 out of 21 patients for a median duration of 16 months (Table 1). 
Most other NNRTI resistance mutations also seem to be able to persist. In addition, 
the NRTI associated mutations L210W and the K219R/G/Q/E, which have also been 
reported to exert little effect on RC also persisted in most cases49.

Figure 4. Persistence because of a minimal reduction in RC. If the RC of the 
resistant variant (almost) equals the RC of wild-type, persistence may occur for a 
considerable time.

Persistence because reversion is prohibited by compensatory fixation 
Interestingly, there are several examples of resistant viruses with an RC 
significantly lower than that of wild-type persisting after transmission to a 
new host. We proposed a mechanism called compensatory fixation to explain 
persistence of combinations of PI-resistant mutations in patients interrupting 
their PI therapy51, 52.

In the treated source, compensatory mutations may appear after the initial 
selection of drug resistance mutations that lower the RC. After transmission to 
a new host, evolution may be expected to occur in a stepwise manner. However, 
if all possible nucleotide changes would initially decrease the RC, reversion to 
wild-type will be blocked (Figure 5). 

We propose that this mechanism may help to explain persistence of some 
transmitted drug-resistant genotypes. Table 1 shows that variants with PR-
associated resistance mutations generally tend to persist. Persisting profiles 
are often characterized by the presence of several major protease resistance 
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Figure 4. Persistence because of a minimal reduction in RC
If the RC of the resistant variant (almost) equals the RC of wild-type, persistence 
may occur for a considerable time.
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mutations, as well as secondary mutations that may compensate at least 
partially for the loss of RC induced by the major mutations.

Moreover, we have preliminary data that suggest that compensatory fixation 
also explains persistence of a mutation in RT. The M41L mutation, which has 
a significant negative effect on replication capacity, persisted for up to 7 
years in combination with potential compensatory mutations in a large cluster 
of untreated patients53. Similarly in our literature review the M41L mutation 
persisted in all but one patient.

Selection of additional compensatory mutations that offset the effects of 
transmitted drug-resistant variants on RC is another possibility leading to 
persistence due to compensatory fixation. We have shown in vitro that, in the 
absence of drug selection pressure PI-resistant viruses can select compensatory 
mutations which increase viral replication52. However, we did not find evidence 
for this evolutionary pathway in the reviewed literature; most likely because the 
papers focus on known primary drug-resistance mutations.

Implications of Transmitted Drug Resistance 
As stated before, viruses with one or more drug resistance mutations generally 
have a reduced RC compared to wild-type virus in the absence of antiretroviral 
selection pressure. It has been suggested that due to the diminished RC, 
increases in viral load and reduction of CD4+ cells may be slower in patients 
infected with drug-resistant HIV compared to patients infected with wild-type 
virus54, 55. Other groups did not confirm such observations13, 56, 57.

Figure 5. Reversion is prohibited by compensatory fixation. Due to 
compensatory mutations, multiple mutations are required for full reversion. The first 
mutation would decrease the RC, so reversion is prohibited.
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Figure 5. Reversion is prohibited by compensatory fixation 
Due to compensatory mutations, multiple mutations are required for full reversion. 
The first mutation would decrease the RC, so reversion is prohibited.
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Similarly, it may be expected that the disappearance of resistance mutations 
from the dominant replicating plasma population will increase the overall RC 
and viral fitness. Several reports indeed mention that replacement of T215Y or 
T215F by another variant resulted in a significant increase in HIV-1 RNA plasma 
levels20, 22. Disappearance of other drug resistance mutations has also been 
reported to coincide with increase of HIV RNA plasma levels21, 23, 35. A decline in 
CD4+ levels after reversion has also been reported, suggesting that wild-type 
virus has a stronger negative effect on the CD4+ turnover23.

Transmission of drug-resistant variants may also influence clinical outcome. In 
the EuroSIDA cohort virological failure was retrospectively analyzed in treatment-
naïve individuals who were infected with drug-resistant or drug-susceptible 
HIV-158. Only a small and insignificant difference was found in terms of viral 
suppression. Unfortunately, it is not clear whether treatment was guided by 
genotypic and/or phenotypic analysis for optimal drug selection. Similar results 
were described by Oette et al. after analyzing a selection of 269 patients in whom 
therapy was selected after baseline genotypic and phenotypic analysis59. They did 
not observe any significant increase in virological failure in individuals infected 
with drug-resistant virus over those infected with fully sensitive virus. However, 
the potential adverse consequences of an infection with drug-resistant HIV are 
obvious, in that the efficacy of future treatment will be compromised if therapy is 
not modified. It has been shown that transmission of drug-resistant HIV can result 
in a delayed viral suppression and/or accelerated virological failure as result of the 
use of suboptimal therapy not guided by baseline resistance analysis. Recently, 
a large collaborative project European collaboration of HIV observational cohorts 
(EuroCoord) and the European Collaborative HIV and Anti-HIV Drug Resistance 
Network (CHAIN), looked into the effect of transmitted drug resistance on 
virological treatment outcome. Over 10000 patients were included in this analysis. 
In this study, patients infected with a resistant virus who received an NNRTI-based 
regimen had a higher risk of virological failure compared to patients infected with 
wild-type virus, even when this regimen was adapted to the presence of resistance 
mutations. This effect was not observed for patients receiving a therapy containing 
boosted PIs, probably due to the higher genetic barrier of these regimens60. These 
studies describe pooled analyses of different resistance profiles related to outcome 
of various regimens. Currently the generalizability of these data is uncertain. For 
instance it is not yet known whether the frequently observed transmission of 
single TAMs, which confer resistance to early NRTIs such as zidovudine, has a 
major impact on treatment regimens with a backbone of new NRTIs. 

Furthermore, infections with revertants or atypical variants may also be relevant. 
Although they in general are not associated with reduced drug susceptibility, 
variants at position 215 of RT may lead to an increased ability to select the 
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Chapter 3 – figure 6 

resistance mutations as the genetic barrier to resistance is lowered33. The 
influence of 215 variants on virological outcome was retrospectively investigated 
in the Italian Cohort Naïve Antiretrovirals (ICONA) cohort. An increase in 
virological failure was observed in seroconverters with a 215 variant at baseline 
after initiation of a thymidine analogue-containing regimen (47% versus 30% 
among those without a 215 variant)34.

The presence of revertants and atypical variants may also be an indicator of 
transmission of a more extensive resistance profile, as illustrated by Van Laethem 
et al.61 They reported a distinctive case in which baseline population gene sequencing 
identified one major resistance mutation and one atypical variant. Therapy was 
selected using a genotypic interpretation algorithm, but no response was seen. 
Retrospective analysis using more sensitive sequencing techniques revealed the 
presence of additional resistance mutations in minority variants. These mutations 
were rapidly selected resulting in virological failure61. This case illustrates that 
resistant profiles based on population sequencing might be the tip of the iceberg 
(Figure 6). The possibility of more extensive underlying resistance should always 
be considered when selecting therapy in cases with transmitted resistance.

Figure 6. “Iceberg” model reflecting drug-resistance mutations in HIV-1 
quasispecies. Only some of the mutations in the quasispecies can be detected 
above the water level, while minority variants harbouring additional mutations are 
below the surface and are not detected by population-based sequencing.

Comprehensive Detection of Transmitted Drug Resistance 
In an effort to increase the detection of archived resistance mutations parallel 
analysis of DNA from peripheral blood mononuclear cell (PBMC) has been 
performed by several groups. In a study of 169 treatment naïve HIV-1 infected 
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individuals Vicenti et al. performed population sequence analysis on both plasma 
RNA and PBMC DNA62. Although the overall results did not show an increased 
sensitivity, in some cases additional drug-resistance mutations were found in 
PBMCs. Two groups have looked into transmitted resistance in both compartments. 
Comparing evolution in both compartments showed no differences in 3/5 cases, 
while in two patients 215Y and C mixtures were detected earlier in either plasma 
or PBMCs27. Another group only looked into PBMCs at the end of follow-up, 
revealing longer persistence of the RT mutation M184V in PBMCs24. Although 
these data are limited, it suggests that circulating PBMCs do not always serve as 
a representative archive for transmitted resistant HIV.

Additionally, clonal sequencing can also provide more insight in viral minorities 
present in the quasispecies. This type of analysis revealed gradual reversion 
towards wild-type for some drug resistance mutations24, 28, 31. 

New, even more sensitive techniques have provided more insight into the 
presence of resistant minority variants in plasma. Johnson et al. describe the 
use of a real-time PCR-based assay that is able to detect several minority drug 
resistance mutations (protease mutation L90M and RT mutations M41L, K70R, 
K103N, Y181C, M184V, and T215F/Y). In a cross-sectional analysis the sensitive 
PCR identified one or more minority drug resistance mutation(s) in 34/ 205 
(17%) of newly diagnosed individuals who were first considered to be infected 
with drug sensitive HIV-1 based on conventional population sequencing. The 
clinical relevance of their observation was confirmed in a case-control study: 7/95 
(7%) of those who experienced virological failure had minority drug resistance 
mutations at baseline compared with only 2/221 (0.9%) of treatment successes. 
Noteworthy, all patients were started on an NNRTI-based regimen. This data 
suggest that a considerable proportion of transmitted HIV-1 drug resistance goes 
undetected by conventional genotyping and that isolated minority mutations can 
have clinical consequences if a regimen with a low genetic barrier is initiated63.

Discussion
Based on the available literature, we identified three different evolutionary 
pathways. Rapid evolution towards wild-type is observed for several drug-
resistant variants with a profound effect on RC. Incomplete evolution towards 
wild-type may be observed if intermediates between the drug-resistant variant 
and wild-type are generated that have an RC that almost equals wild-type. A 
second pathway is evolution to atypical variants. These atypical variants do not 
represent intermediates, but equivalently result in a higher RC than the original 
transmitted resistant variant. Finally persistence of drug-resistant variants may 
be observed due to several underlying mechanisms. Mutations that induce only 
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limited decrease in RC often tend to persist. Furthermore, persistence of drug-
resistant variants may also occur despite a reduced RC due to compensatory 
fixation. Such compensatory mutations may also be selected after transmission 
as additional mutations. 

It is plausible that viral variants with a profound effect on replication capacity 
are transmitted less frequently64 but no convincing evidence has been provided 
yet. This review shows that the relative under-representation in newly diagnosed 
patients of mutation M184V in RT, which is among the most common mutations 
in treated patients65, can at least partially be explained by rapid reversion during 
follow-up according to this first evolution pathway66. 

It should be noted that there is considerable variability in the way the data were 
generated in the different studies. Several studies start the follow-up at the time 
of primary infection or directly after seroconversion while others determined the 
genotype later (2-16 weeks after seroconversion). The length of the follow-up 
after seroconversion varied from 2 to 58 months (median 18 months) and 
the interval between different genotypic analyses differs in each study. These 
variations make it difficult to make an estimate of the average time over which 
mutational patterns persist. In addition, several studies did not account for the 
presence or additional selection of secondary resistance mutations. They can 
significantly alter the RC of viruses harbouring primary resistance mutations and 
may therefore play a pivotal role in evolution after transmission. Despite these 
methodological variations and the limited availability of data, the general trends 
of evolution of mutations were very similar in all reviewed papers. 

Selective pressure by the immune system may also influence evolution or 
persistence of transmitted resistance profiles. Since immune pressure is primarily 
exerted on the envelope and Gag and there is only a limited number of epitopes 
related to drug-resistant positions in PR and RT, the effect of the immune system 
on the viral evolution patterns covered in this review is most likely limited67.

There is currently only limited information available on the clinical implications 
of transmitted drug resistance. Applying genotypic analysis prior to first-
line therapy may detect drug resistance and may prevent virological failure. 
However, traditional genotyping even in combination with PBMC analysis 
does not always reveal the full pattern of transmitted resistance. Evidence is 
mounting that more extensive resistance can be detected using more sensitive 
techniques and the presence of major mutations as minority species at baseline 
can diminish treatment response, particularly to a regimen with a low genetic 
barrier63, 68-70. Individualized resistance testing and therapy, with the preferential 
use of regimens with a high genetic barrier may be of value in preventing failure 
of first-line therapy after infection with drug-resistant HIV-1.
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In conclusion, different pathways of evolution of transmitted resistance patterns 
are observed. Data are being accumulated that specific transmitted drug-
resistant viruses can persist and onward transmission of these variants to new 
hosts may occur. It is therefore important to continue monitoring appearance of 
drug-resistant viruses in populations on treatment and the rate of transmission 
in newly diagnosed patients.
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Abstract
In approximately 10% of newly diagnosed individuals in Europe , HIV variants 
carrying transmitted drug resistance mutations (TDRM) can be found. The 
majority of transmitted drug resistant HIV variants carry a single TDRM and 
resistance is limited to a single drug class. For some TDRM it has been shown 
they revert to wild type with a higher replicative capacity. However, other 
mutations tend to persist. To understand this persistence we investigated the in 
vivo evolution of frequently transmitted HIV variants and their effect on in vitro 
replicative capacity. 

We selected 33 infected individuals with HIV harboring frequently transmitted 
resistance mutations and studied molecular evolution of protease and reverse 
transcriptase (RT) in vivo. The majority of resistance-related mutations 
(53/57) persisted for at least a year (10-14 months) and some even up to 
eight years. The most frequently encountered TDRM were introduced in a 
reference strain to investigate their impact on replicative capacity. Despite 
their observed persistence in vivo most mutations (M46I/M46L in protease and 
M41L, M41L+T215Y and K103N in RT) decreased viral replicative capacity, with 
only one exception, protease mutation L90M did not hamper viral replication. 
At baseline various polymorphisms at non-resistance related positions were 
present in all sequences (median number of polymorphisms protease: 6, RT: 8). 
During follow-up only limited selection of additional mutations was observed 
(median 1 additional polymorphism).

We propose that in vivo persistence of TDRM despite the reduction they confer to 
RC indicates that baseline polymorphisms functioned as compensatory mutations 
(partially) restoring the replicative capacity and constraining reversion of these 
TDRM. 
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Introduction
The viral enzymes reverse transcriptase (RT) and protease were the targets of the 
first antiretroviral drugs and the most commonly used therapy regimens still aim 
at inhibiting these viral proteins1. However, in resource-rich settings, in 10-15% 
of newly diagnosed patients HIV variants harboring drug resistance mutations 
in protease and RT are detected2, 3. The majority of transmitted viruses contain 
limited resistance profiles against single drug classes2, 4. Nucleoside RT inhibitors 
(NRTI) are the most frequently observed transmitted drug resistance mutations 
(TDRM). Especially thymidine analogue mutations M41L and T215 variants, that 
have been selected by drugs extensively used in the past, are often observed in 
newly diagnosed patients. A worrying trend is the increased prevalence of non-
nucleoside RT inhibitor (NNRTI) related mutations in newly diagnosed patients, 
as single NNRTI mutations such as the frequently observed K103N result in high 
levels of resistance against multiple NNRTIs. In protease, M46I/L and L90M 
are the most frequently observed mutations2, 3. When present in combination 
with other protease mutations, both M46I/L and L90M are related to reduced 
susceptibility to several protease inhibitors (PIs)5. 

It is generally acknowledged that primary drug resistance mutations decrease 
the replicative capacity (RC) of HIV6, 7 and as such in the absence of drugs 
can rapidly revert to wild type thereby increasing its RC. Indeed, follow-up 
of untreated individuals diagnosed with a drug resistant HIV variant revealed 
that certain mutations such as M184V in reverse transcriptase often revert 
after transmission to a new host8, 9. Increased detection of variants containing 
drug resistance mutations if very sensitive methods are applied confirms that 
reversion occurs frequently10, 11. However, some TDRM are known to persist 
for long periods, which may be explained by several mechanisms8. First, when 
the RC of a drug resistant variant approaches the RC of wild type virus, wild 
type has a limited replicative advantage, resulting in slow replacement of the 
resistant mutant. Alternatively, mutations that compensate for the decreased 
RC caused by the drug resistance mutation may have been selected in a 
previous or the current host. In this case reversion of either the resistance 
mutation or the compensatory mutation results in a decreased RC, all possible 
intermediates towards wild type will result in a “fitness valley”. Therefore, 
reversion is prohibited. We proposed the term compensatory fixation for this 
phenomenon8, 12, 13. Finally, as several epitopes encompass resistance mutations  
escape from immune pressure could lead to persistence of TDRM14, 15. 

The majority of previous studies on evolution of transmitted drug resistant HIV 
variants were limited to small numbers of patients, often diagnosed with HIV 
variants harboring extensive resistance profiles16-27. Only one study investigated 
a larger number of recently infected patients9. However, these earlier studies 
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focused exclusively on the role and evolution of resistance mutations. The 
mechanisms underlying persistence of TDRMs still remain to be elucidated. To 
gain more insight in evolution of drug resistant HIV variants after transmission, 
we performed an extensive sequence analysis focusing on the most frequently 
occurring TDRM. Furthermore, we investigated the effect of the most frequently 
transmitted resistance mutations on replication efficacy.

Materials and Methods
In vivo evolution
Patients. Patients from four SPREAD-participating countries (Belgium, Greece, 
the Netherlands, Slovenia) were included. For all included patients, a baseline 
genotypic resistance test performed on a plasma sample within three months after 
diagnosis of HIV infection revealed at least one mutation on a position associated 
with transmitted drug resistance as described in the mutation list as recommended 
by the WHO28. The included patients were selected based on the observed TDRM 
profile at baseline. Follow-up genotypic analyses were performed one year (10-14 
months) later and if available, at a third time point. All included patients were at 
least 18 years of age and not exposed to antiretroviral therapy during follow-up. 

Sequence analysis. Genotypic resistance tests were performed by population 
sequencing of the viral protease and part of reverse transcriptase using 
commercially available assays or in-house methods covering at least amino acids 
4-99 of protease and amino acids 30-249 of RT. All laboratories collaborated in 
a quality control program of ESAR to ensure high quality genotypic data3, 4. 
HIV subtype was determined using REGA 2.029. To investigate evolution, the 
p-distance and the ratio of the proportions of synonymous and nonsynonymous 
substitutions (dS/dN ratio) were calculated using MEGA 5.05. The p-distance is 
the proportion of nucleotides between two sequences that has been changed. 
The dS/dN ratio, a measure of selection pressure30, was calculated with the Nei-
Gojobori method and statistically tested with a Z-test. 

In vitro determination of replicative capacity
Virus panel. Mutations M46I, M46L and L90M in protease and M41L, 
M41L+T215Y and K103N in RT were introduced in HXB2 by site-directed 
mutagenesis using the previously described vector systems CP-MUT and 
NRT-MUT31 and the following primers: M46I 5’-GGA AAC CAA AAA TAA TAG 
GG-3’ (HXB2 nucleotides 2380-2396), M46L 5’-GGA AAC CAA AAC TGA TAG 
GG-3’ (HXB2 nucleotides 2380-2396), L90M 5’-GAA ATC TGA TGA CTC AGA 
TTG-3’ (HXB2 nucleotides 2511-2532), M41L 5’-ATT TGT ACA GAG CTG GAA 
AAG GAA G-3’ (HXB2 nucleotides 2658-2682), K103N 5’-GTT ACT GAT TTG TTC 
TTT TTT AAC CC-3’ (HXB2 nucleotides 2844-2869), T215Y 5’-TGT CTG GTG TGT 
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AAA GTC CCC ACC-3’ (HXB2 nucleotides 3181-3204). Clones were verified by 
sequence analysis. Subsequently, recombinant virus stocks were generated by 
Lipofectamine 2000 (Invitrogen) transfection of HEK293T cells according to 
manufacturer’s guidelines.  Virus stocks were quantified by p24 analysis by 
ELISA (Aalto Bioreagent, Dublin, Ireland).

RC Analysis. Peripheral blood mononuclear cells (PBMCs) were prepared 
from healthy blood donors by Ficoll-Paque density gradient centrifugation. 
The replicative capacity of the virus panel was determined by infecting 5x106 
PHA-stimulated (2 mg/L) PBMCs with the equivalent of 40 ng p24 for two 
hours. Subsequently, cells were washed twice and maintained for 14 days in 
RPMI1640 with L-glutamine (BioWhittaker), 10% fetal bovine serum (Biochrom 
AG), 10 mg/L gentamicin (Gibco) and 5 U/ml IL-2. Cell-free supernatant was 
harvested daily for monitoring of the p24 production. 

Results
Patients diagnosed with a transmitted drug resistant HIV variant
To investigate the evolution of transmitted drug resistant HIV variants, we selected 
33 patients in four European countries (Belgium, Greece, the Netherlands, 
Slovenia) who were diagnosed in 2001 to 2008 with an HIV variant harboring a 
frequently observed resistance profile. The majority of these patients were men 
having sex with men (MSM), which is the most important route of transmission 
in Europe. Epidemiological studies demonstrated that most transmitted drug 
resistant HIV variants harbour resistance against a single drug class3, 4. In line 
with this previous observation, only 3/33 of the selected patients diagnosed with 
an HIV variant resistant to multiple drug classes were included in this study. A 
total of 57 resistance-associated mutations were observed in the transmitted 
viruses at baseline (Table 1). The median plasma HIV-RNA in our group of patients 
was 4.6 log copies/ml, slightly lower than the median HIV-RNA observed in the 
SPREAD cohort (4.8 log copies/ml). The baseline CD4 count was 617 cells/mm3, 
which is higher than the median observed in SPREAD (343 cells/mm3)3. This 
lower HIV-RNA and high CD4 count may either indicate that the selected viruses 
are less pathogenic, or that the included patients are more recently diagnosed. 
Prior negative HIV tests were available for 14 patients, revealing that at least 
nine patients had been infected for less than two years. 

In vivo evolution of transmitted drug resistant HIV variants
For all patients, a second genotypic analysis one year after the baseline was 
performed. This revealed that the vast majority (53/57) of TDRM persisted 
during the first year of follow-up. Interestingly, in one of the patients diagnosed 
with a multi-drug resistant variant an additional resistance mutation (F53LF) 
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Figure 1. Impact of frequently observed transmitted drug-resistance mutations on viral 
replicative capacity.  
Replicative capacity of site-directed mutant viruses harboring frequently transmitted drug 
resistance mutations compared to HIV wild type. Equal amounts of virus were used to infect 
peripheral blood mononuclear cells in duplicate after which viral replication was monitored by 
p24 production. Error bars indicate the standard deviation.  
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Figure 1. Impact of frequently observed transmitted drug-resistance 
mutations on viral replicative capacity. Replicative capacity of site-directed mutant 
viruses harboring frequently transmitted drug resistance mutations compared to HIV 
wild type. Equal amounts of virus were used to infect peripheral blood mononuclear 
cells in duplicate after which viral replication was monitored by p24 production. Error 
bars indicate the standard deviation. 

was detected as a mixture at one year after diagnosis. F53L may have been 
present at the detection limit of the genotypic assay, or was selected as additional 
mutation. For 28/33 patients a third genotypic analysis was performed at a 
median of 28 months (range: 14-99 months) after the first sample. During this 
extensive follow-up period, all resistance mutations persisted (Table 1).

Impact of frequently transmitted drug resistance variants on 
in vitro replicative capacity 
Several papers have described the impact of some drug resistance mutations 
on the RC of HIV32-37. Many different methods have been used to investigate the 
RC, making data between studies incomparable. To our knowledge the impact 
of frequently transmitted protease and RT mutations was never compared. By 
introducing mutations M46I, M46L or L90M in protease or M41L, M41L+T215Y or 
K103N in RT in the background of HXB2, we determined the impact of frequently 
transmitted drug resistance mutations on the RC. As the wild type and drug 
resistant amino acid differ two nucleotides at position T215, many resistant, 
atypical and partial revertant variants are frequently observed. We selected the 
drug resistance amino acid T215Y as this TDRM is often observed in combination 
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4

with M41L38. Interestingly, except for mutation L90M in protease, all mutations 
caused a decrease in RC compared to HIV-WT. The reduction in RC of M41L, 
M41L+T215Y and K103N variants was quite comparable. M46I and M46L in 
protease resulted in the most severe reduction of RC. 

Extensive analysis of in vivo evolution of transmitted drug 
resistant HIV variants
To investigate the potential selection of compensatory mutations increasing 
the replicative capacity in the current host, we analyzed the evolution of the 
transmitted viruses in more detail. The p-distance between baseline and follow-up 
sequences was calculated as a measure of evolution at the nucleotide level. For 
the majority of patients, this revealed a very low p-distance between baseline 
and one year, indicating limited evolution. In line with this observation, the dN/
dS ratio of the viral populations, which is an indicator of selection, did not change 
significantly in any patient (Table 2). However, in all transmitted viruses changes 
in polymorphisms were observed which are described in Table 2. 

Viruses harboring protease resistance mutations selected a median of 1 (range: 
0-1) additional polymorphisms in protease during the first year of follow-up. 
Likewise, viruses harboring RT resistance mutations in RT selected a median of 
1 (range 0-3) additional RT polymorphisms. Of course compensatory mutations 
may have been selected before diagnosis, or even in a previous host. Viruses 
harboring PR resistance mutations had a median of 6 (range: 4-9) additional 
polymorphisms at baseline. For RT, the median additional polymorphisms was 8 
(range: 4-12). 

Discussion
We investigated the evolution of transmitted drug resistant HIV variants 
in a group of patients diagnosed with frequently observed TDRM. The vast 
majority of TDRM persisted for at least a year up to eight years. Persistence of 
transmitted drug resistance mutations is in line with previous studies. Jain et al9 
demonstrated that except for M184V/I, the majority of TDR persist for longer 
than one year. The majority of patients in these studies had been diagnosed with 
a rare HIV variant with a complex resistance profile8, 9. In this study we focused 
on the single TDRM which are the most frequently transmitted variants as shown 
by large epidemiological studies2, 4. 

Determination of RC of site-directed mutant viruses revealed that the majority 
of frequently observed transmitted resistance mutations decrease the RC in 
vitro in PBMCs. Of the investigated mutant viruses, T215Y is known to evolve to 
atypical or partial revertant amino acids. Such alternative amino acids are known 
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to confer limited impact on viral RC8, 20, 39, which is in line with the observed 
persistence of revertant and atypical T215 variants in our study. 

Interestingly, K103N had a clear impact on replication in our experiments 
although this NNRTI-related mutation has been described to have a low impact 
in several34, 35, 37 but not all33 previous studies. This discrepancy may be due to 
the use of different assays or differences in replication caused by polymorphisms 
in lab strains. Additional experiments studying the effects of the most frequently 
observed TDRM in the genetic background of clinical isolates is ongoing. 

Lack of reversion of the TDRM could be explained by a relatively small viral 
population size resulting in limited evolution. Although viral evolution was limited, 
in all transmitted viral variants changes at polymorphic sites were observed. 
Furthermore, the median plasma HIV-RNA level of the included patients is only 
slightly lower than generally observed in SPREAD3, indicating that replication 
could result in molecular evolution. 

Certain resistance mutations such as M46I in protease have been described to 
decrease recognition of epitopes by certain HLA types15. As a result, also the 
immune system may affect viral evolution and persistence of TDRM. However, 
the majority of frequently observed TDRM do not impact or can even enhance 
recognition of epitopes14, 15 and as such, it is unlikely that the immune system is 
the driving force behind persistence of TDRM. 

Therefore, it is likely that the lack of reversion is due to the presence of 
compensatory mutations restoring RC or resulting in compensatory fixation12, 13. 
Compensatory mutations may have direct structural interactions with resistance 
mutations, but can also affect the enzyme activity through other mechanisms. 
It has been demonstrated that mutations in gag may help to compensate the 
reduced protease activity conferred by resistance mutations in the protease 
itself40. For RT mutation M41L it has been described that V60I and S162A 
can compensate the decreased RC. Indeed, in all patient viruses harboring 
M41L, V60I and/or mutations at position S162 were present at baseline. In 
addition, compensatory mutations may be present in the connection domain41. 
Determination of the RC of frequently transmitted patient-derived HIV variants 
and the impact of various polymorphisms on RC can provide more insights in the 
mechanisms causing persistence. 

The majority of the included patients were diagnosed in recent calendar years, 
and for only 9/33 patients a negative HIV tests within two years before diagnosis 
was available. We cannot exclude that patients were initially infected with a 
viral variant harboring a more extensive resistance profile and that some of 
these mutations had reverted before the patients were diagnosed. As such, 
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the observed limited evolution of pol may be a result of viral adaptation before 
diagnosis or may even have taken place in previous hosts. Indeed, phylogenetic 
studies have demonstrated that onward transmission by untreated patients is 
a major source of HIV transmission42, 43. In addition, we have previously used 
ultra-deep sequencing to investigate the quasispecies in plasma of 10 patients 
who were newly diagnosed with an HIV variant harboring a single NRTI-related 
resistance mutation. In 9/10 patients we were unable to detect viral minority 
variants harboring more extensive resistance profiles, which may be suggestive 
of infection with a circulating HIV variant harboring a limited resistance 
profile44. It is not unlikely that onward transmission of highly stable HIV variants 
harboring limited resistance profiles greatly contributes to the current epidemic 
of transmitted drug resistant HIV variants. 

It is of great clinical importance to be able to distinguish whether transmitted 
drug resistant HIV variants harbor complex but partially reverted resistance 
profiles or circulating HIV variants containing limited resistance profiles. For the 
frequently observed NNRTI-resistance mutation K103N, it is well-known that it 
causes high levels of resistance against all first generation NNRTIs45, 46. Even 
when K103N is present as minority variant, it can contribute to therapy failure47. 
Fortunately, the recently approved second-generation NNRTIs remain active 
against HIV harboring K103N48, 49. In contrast, we have demonstrated that the 
NRTI-related M41L in RT has limited impact on selection of resistance against 
currently used NRTIs50. There is limited knowledge of the impact of M46I/L and 
L90M in protease on commonly used protease inhibitors. 

In conclusion, the most frequently transmitted resistance mutations decrease 
the viral RC. However, these same mutations tend to persist in vivo which is 
likely due to presence of compensatory mutations selected in the current or 
previous host. This stability of transmitted drug resistant HIV variants facilitates 
onward transmission of these viruses. 
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Abstract
Background Transmitted resistant HIV may revert to wild type in absence of 
drug-pressure due to reduced replication capacity (RC). We observed eight 
therapy-naïve patients infected with HIV harbouring 4 mutations on NRTI-
resistance related positions: M41L-T69S-L210E-T215S. If partial reverted 
resistance patterns like these are detected at baseline, concerns for more 
extensive resistance in the quasispecies often directs selection of first-line 
antiretroviral therapy (cART) towards more complex regimens. 

Method Genotypic resistance testing and phylogenetic analysis was performed 
using pol sequences of 400 therapy-naïve and 1322 patients with ≥ 1 NRTI-related 
mutation. RT genes were cloned into a reference strain and RC was investigated. 

Result Phylogenetic analysis showed that all eight patients are part of a 
transmission cluster (bootstrap-value 92%). The patients are residing in three 
distinct geographical regions and were either MSM or heterosexually infected. 
Prior negative serology and analysis of base-ambiguity demonstrated circulation 
for at least 7 years. In vivo evolution showed a mixture with wildtype (T215S/T) 
in only one untreated patient more than six years after diagnosis. The reverted 
resistance pattern did not confer a substantial reduction in RC compared to 
wild-type, explaining its persistence in vivo and long-term circulation in the 
population. Four patients started cART; three of them received quadruple cART. 
All patients showed good virologic and immunologic response.  

Conclusion Long-term circulation transcending distinct regions and transmission 
groups suggests reversion occurred in previous hosts in the transmission chain. 
Identification of clusters using epidemiological data and active partner tracing 
may broaden therapeutic options in case of transmitted resistance. 
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Introduction
Despite prevention efforts and availability of combination antiretroviral therapy 
(cART), HIV incidence in industrialized countries has not decreased. Approximately 
ten percent of newly diagnosed patients are infected with a strain harbouring at least 
one drug resistance mutation1-3. Recently we showed that MSM are particularly at 
risk for contracting such a virus2. Reports on transmission networks in Switzerland 
and Canada show that transmission of resistance often occur in clusters4, 5.

We observed eight therapy-naïve patients infected with a virus with four 
mutations on nucleoside reverse transcriptase inhibitor (NRTI) resistance related 
positions: M41L, T69S, L210E and T215S. Mutations at codons 41, 210 and 215 
are thymidine analogue mutations (TAMs) and mutations at position 69 are also 
frequently observed in patients exposed to thymidine analogues. T215S is a 
known revertant of the resistance mutation T215Y/F and L210E is a potential 
revertant of resistance mutation L210W.  

In general, drug-resistant strains confer reduced replication capacity (RC) 
compared to wild-type6, 7. After transmission, RC may be improved by (incomplete) 
reversion to wild-type in the absence of drug pressure in the newly infected host8. 
Therefore it is often assumed that transmitted drug resistance reflects direct 
infection from drug-experienced individuals. 

When such a reverted pattern is detected in naïve patients, the possibility 
that reversion occurred in this particular patient is usually taken into account. 
Concerns for more extensive resistance in the quasispecies then results in the 
choice of more complex initial regimens with a higher genetic barrier, increased 
pill burden, more frequent toxicity and elevated costs. However, recent studies 
have shown that drug-resistant variants can persist even despite a low RC 
via various mechanisms in the absence of therapy8, 9. As a result, treatment-
naïve individuals can be a source of onward transmission of drug resistance5, 10, 
minimizing the risk of more extensive resistance in the quasispecies. We studied 
viral characteristics, phylogenetics and in vivo HIV evolution to gain insight into 
the characteristics of an infection with this partial reverted resistant strain. 

Methods
Eight patients with this specific resistance profile (M41L-T69S-L210E-
T215S) were identified in 2004-2010. All patients participate in the ATHENA 
observational cohort, which was approved by the national institutional review 
board. Clinical, virological and therapy-related data were collected. HIV-RNA 
genotypic resistance analysis of the pol gene was performed in routine clinical 
practice. Genotypic Sensitivity Scores (GSS) were determined as the sum of 
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scores for each drug in the regimen based on the predicted level of resistance 
(1: susceptible, ½: (potential) low-level or intermediate resistance, 0: high-
level resistance) in the Stanford HIVdb-algorithm version 6.2. 

Phylogenetic analysis 
The pol sequences of the eight patients and baseline sequences of newly 
diagnosed treatment-naïve HIV-patients in our center in 2004-2010 (n=400) 
and subsequently all sequences performed in our center that showed 1 or more 
mutations on NRTI-resistance related position in 2000-2010 (n=1322) were 
aligned using ClustalW. A maximum likelihood phylogenetic tree was calculated 
with the Tamura-Nei model of evolution using bootstrap analysis with 1000 
replicates (MEGA 5.0). 

Estimation of duration of infection 
Data on previous negative serological testing was collected to give definitive 
insight into the window of infection. In addition, base ambiguity of pol was 
used, which has proven to be a useful tool to estimate the duration of infection. 
The cut-off of 0.5% ambiguous nucleotides was chosen based on data from the 
Swiss cohort indicating that >0.5% ambiguity provides strong evidence against 
a recent infection event, one year prior to sampling11.

RC and phenotypic drug susceptibility 
Viral RNA was isolated from five plasma samples of patients 3, 4, 5 and 6 and five 
randomly selected patients infected with wild type. Nested PCR amplicons containing 
the N-terminal part of reverse transcriptase (RT) gene were generated and cloned 
into an HXB2 backbone and sequenced12. Recombinant viruses were generated 
by transfecting 293T-cells with these HIV-constructs using lipofectamine. RC was 
determined in peripheral blood mononuclear cells: cells were infected for 2 hours 
with 40 ng of p24, washed twice, resuspended and maintained for 14 days. Once 
daily 300 µL of cell-free virus supernatant was harvested for p24 analysis. Drug 
susceptibility was determined in a multicycle assay13. 

Sequencing of proviral DNA 
DNA was isolated from 450 µL full blood14. PCR reactions were performed 
to amplify the N-terminal part of RT using the Expand High Fidelity PCR kit 
(Roche)12. Three positive amplification reactions were pooled and sequenced. 

Results
Phylogenetic analysis showed that all eight patients with this particular resistance 
profile (M41L-T69S-L210E-T215S) are part of one transmission cluster (Figure 1, 
bootstrap value 92%). To ensure clustering was not based on the presence of 
resistance-associated mutations only, the phylogenetic analysis was repeated 
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after manual reversion of the mutations to wild-type, resulting in the same 
cluster (bootstrap value 89%).  Phylogenetic analysis including all sequences 
harbouring NRTI resistance mutations from different geographical regions did 
not reveal additional patients in the cluster nor a potential common source of 
the resistant strain. 

The eight patients encompassing the transmission cluster were further 
characterized (Table 1). All patients are of Dutch ancestry and residing in three 
distinct regions in the country. Although the main route of transmission was MSM, 
two patients reported being infected by heterosexual contact. Patients 5 and 6 
are known to be partners, as are patients 7 and 8. The CD4 counts at the time 
of HIV-1 diagnosis ranged from 180 to 1129 (median 670) cells/mm3 and the 
plasma viral load (VL) ranged from 5000 to >100.000 (median 72800) copies/mL.

Data on the time of HIV diagnosis and prior negative testing allowed us to 
determine the period of circulation of this particular strain. The strain was first 
detected in 2003, when patient 4 tested positive for HIV. The other patients 
were diagnosed in the period 2005–10. We are certain, based on prior negative 
serological HIV testing in late 2008, that patient 7 was infected in 2009. Therefore 
we can conclude that the period of circulation is at least 6 years. Based on the 
low baseline CD4 count and the percentage of ambiguous nucleotides exceeding 
0.5%, it is likely that patient 4 was chronically infected at the time of diagnosis 

Figure 1. Phylogenetic tree. Maximum likelihood phylogenetic tree of therapy-
naïve patients (2004-2010) (n=400). The box represents the transmission cluster of 
eight patients. The phylogeny of the cluster is shown in more detail with bootstrap 
values. Labels at tips of the trees correspond to the patient numbers in figure 2. 
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Chapter 5 – Figure 2 

in 2003. Therefore we assume that this strain has been circulating in the Dutch 
population for at least 7 years (Figure 2). 

In addition, we studied the in vivo evolution of the viral population in the four 
patients who did not initiate cART (follow up 18 – 77 months). The resistance 
pattern persisted in all but one patient, in which a mixture with wild-type 
(T215T/S) was observed more than 6 years after diagnosis. Sequences of 
proviral DNA at the time of diagnosis and after follow up (1.5 – 4 years after 
diagnosis) were available in two patients and no reversion was observed. 

We hypothesized that the RC of this strain may play a role in persistence in 
treatment-naïve patients and circulation within the population. We compared 
the RC of the five patient-derived recombinant RT cluster clones to five randomly 
selected patient-derived wild-type RT strains and four reference strains (HXB2 
and viral strains that harbour various mutations at codon 184 of RT). As 
expected, reference strain 184T is the least fit and HXB2 wild-type confers the 
highest RC. The five RT clones representing the cluster are all replicating as 
efficient as HXB2 wild-type, demonstrating that strains with this RT reversion 
pattern are not substantially reduced in RC (data not shown). 

To date, four patients have received cART (Table 1). Three patients received 
quadruple cART, to ensure a GSS above 3. One patient received a combination 
of abacavir, lamivudine and nevirapine (GSS of 2.5). If calculation was based on 

Figure 2. Epidemiological curve of time of diagnosis. + = first positive HIV test, 
- = last negative HIV test, c = base ambiguity > 0.5% suggesting no recent infection. 
The confirmed period of circulation is 6 years, based on date of diagnosis of patient 
3 and the last negative HIV test of patient 7.
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the most likely pre-reversion resistance pattern (M41L- T69S- L210W-T215Y/F), 
GSS dropped 0.5 point for all patients. However, all four patients achieved and 
maintained undetectable viral loads and all had a good immunologic response 
(mean CD4 count 593 cells/mm3). Retrospective phenotypic drug susceptibility 
testing showed that the RT cluster-strain was susceptible for all tested NRTIs 
(lamivudine, zidovudine, abacavir and tenofovir) (data not shown). 

Discussion
This study is the first to provide evidence of long-term circulation of a resistant 
HIV-1 strain among therapy-naïve patients based on prior negative serological 
testing. We showed that this variant has been circulating for more than 7 
years within a cluster of therapy-naïve patients. Clusters with drug-resistant 
virus have been described before. Buskin et al.15 observed the transmission of 
multiclass drug-resistant HIV within a cluster of MSM for >2-year. In 2009, Hue 
et al.16 already showed the circulation of resistant lineages within untreated 
populations16. Based on assessment of the most recent common ancestor they 
estimated circulation for up to 8 years16.

In contrast to acquired drug-resistant HIV-1 variants in treated patients, 
transmitted drug-resistant variants in treatment-naïve patients can persist for 
a long time in the absence of drug pressure9. This is surprising since the fitness 
costs of some drug resistance mutations present in our cluster-strain have been 
well-established6. However, we showed that the RT mutations in this cluster did 
not have an evident negative impact on the RC in vitro, which is in line with the 
slow reversion to wild-type in vivo. 

Previous studies have shown that the persistence of drug-resistant mutations 
may be explained by selection of compensatory mutations that restore the RC 
of the virus17. In our cluster, we detected a previously described compensatory 
mutation, 60I, in the HIV-strain of one patient. It is possible that other mutations 
in this particular strain play a role as well. 

The transmission clusters in the analysis of Hue et al.16 included almost 
exclusively MSM and were restricted to one geographical area in the UK. 
We report circulation of drug resistance among therapy-naïve individuals 
transcending distinct regions throughout the country and different transmission 
groups. Our dataset covered only a subset of all newly diagnosed patients in the 
Netherlands. Taking into account the long-term circulation in different regions 
and risk groups, it is likely that transmission of drug resistance among therapy-
naïve patients is even more extensive than we showed here. The existence 
of reservoirs of drug-resistance in therapy-naïve patients has important public 
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health implications and underlines the importance of baseline genotypic testing 
and the need for active testing policies to interrupt transmission chains. 

Circulation of particular resistance patterns in therapy-naïve patients may also 
have consequences for clinical practice. Due to concerns for more extensive 
resistance in the quasispecies most clinicians initiated for the patients in our 
cluster complex quadruple cART for the patients in our cluster. 

Although we cannot exclude the possibility of one drug-experienced source 
infecting all patients individually in the cluster, we could not identify such a source 
by phylogenetic analysis of the available sequences. However, the long-term 
circulation in different regions and risk groups makes the hypothesis of one source 
infecting all patients unlikely. We infer that reversion did not take place in these 
therapy-naïve patients but in a previous host earlier in the transmission chain. We 
showed that this particular strain was phenotypically susceptible to all NRTIs that 
are frequently used in clinical practice. Furthermore, the patient on triple therapy 
achieved and maintained a good virological and immunological response for more 
than 7 years. Therefore, we conclude that identification of clusters and active 
partner tracing may provide insight into the risk of more extensive resistance 
patterns in the quasispecies and prevent excessive use of antivirals.
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Abstract
Objective The aim of this study was to gain more insight into the relationship 
between transmitted singletons found at HIV diagnosis by population sequencing 
and the possible presence of clinically relevant viral minorities containing 
additional resistance mutations. 

Methods We studied the viral quasispecies and therapy response in ten 
individuals with transmitted single NRTI-related resistance mutations as 
detected by population sequencing. 

Results Ultra-Deep pyrosequencing did not reveal additional drug-resistant 
mutations in nine of ten patients. In these nine patients no breakthrough with 
resistant viruses was observed despite the use of low genetic NNRTI based 
regimens in the majority of patients.

Conclusion Viral minority variants containing additional resistance mutations 
are rare in patients with transmitted NRTI singletons in the Netherlands. Larger 
studies are required to confirm these findings and to determine the therapeutic 
consequences.
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Introduction
Epidemiological studies in the developed world using population sequencing 
show that at least 10% of all newly diagnosed HIV-1 patients are infected with 
a variant containing drug-resistance mutations. Frequently, this involves NRTI-
related resistance mutations1, 2. In the majority of patients newly diagnosed 
with transmitted drug resistance (TDR) in Europe, only a single mutation 
(singleton) is detected3. However, the population-based sequencing techniques 
used for epidemiologically studies and in clinical practice have a detection limit 
of 10-25% and thus can miss additional mutations when present as a minority. 
Newer, more sensitive methods revealed the presence of resistant minority 
variants undetected by population sequencing, indicating that the actual rate 
of transmission of drug resistance may be higher4, 5. This could be explained 
by reversion of drug resistance mutations in the absence of drugs6. As a 
consequence, transmitted drug resistance is no longer detectable by population 
sequencing of the plasma, but may persist as minority variant in plasma or as 
archived provirus7, 8. Such undetected resistant minority variants have been 
reported to increase the risk of therapy failure9.

The objective of this study was to gain more insight into the relationship 
between singletons found at HIV diagnosis by population sequencing and 
the possible presence of clinically relevant viral minorities containing a more 
complex resistance profile. We performed ultra-deep pyrosequencing (UDPS) 
and investigated response to therapy in a group of men having sex with men 
(MSM) that were diagnosed in the Netherlands between 2003 and 2008.

Methods
Patients/samples 
Population-based sequencing was used to identify transmitted drug resistance for 
all newly diagnosed men having sex with men in our center since 2003 according 
to the WHO list of mutations related to transmitted drug resistance10. The WHO list 
includes mutations selected under pressure of drugs but also some “intermediate” 
and “atypical” mutations. Intermediate codons can appear if the difference between 
the wild type and the resistance codon is two nucleotides. Replication of the resistant 
variant in the absence of drug may lead to the reversion of just one of the two 
nucleotides, leading to an intermediate amino acid at that position. Additionally, 
novel atypical amino acids that are not an intermediate towards the wild type can 
be selected. This is frequently observed at position 215 in Reverse Transcriptase 
(RT), where the difference between wild type thymidine (T) and resistance codons 
Tyrosine (Y) and Phenylalanine (F) is two nucleotides. We have included all atypical 
mutations at the resistance positions described in the WHO list.
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Patients were selected for this study when they were diagnosed between 2003 and 
2008 in our hospital, had a single nucleoside/tide reverse transcriptase inhibitors 
(NRTI) related mutation at baseline and had started therapy. Ten patients met 
these selection criteria. Patient characteristics are summarized in the Table. All 
included patients have signed a consent form in which they state that anonymized 
data and materials sent in for routine diagnostics could be used for research.

Population based sequence analysis 
Population-based sequence analysis of pol was performed on the earliest available 
sample. Plasma samples were stored at -80ºC until time of genotypic analysis. 
RNA isolation and sequence analysis was performed according to the ViroSeq 
HIV-1 genotyping protocol (Abbott Molecular, Hoofddorp, the Netherlands). 

UDPS 
The earliest available sample was used to perform UDPS (454 Life Sciences, a 
Roche Company, Brandford, CT, USA). In eight cases, the same sample was also 
used for population-based sequencing. For two patients, a later sample was used 
for UDPS; 2 weeks later for patient B and 6 months later for patient C. RNA was 
extracted from 500 µl plasma using the ViroSeq isolation method. UDPS was 
performed as described by Simen et al.11 Briefly, three overlapping cDNA fragments 
covering protease and the n-terminus of RT were amplified using Superscript II 
enzyme (Invitrogen, Breda, the Netherlands) and three primers. Subsequently, 
eight amplicons were generated by amplifying cDNA using the FastStartHiFi PCR 
system (Roche Applied Science, Almere, the Netherlands) and pyrosequencing 
was performed. Previous use of the same UDPS method showed that with RNA 
isolated from 140 μl plasma with a high HIV RNA concentration, minorities of 
≤1% could repeatedly be detected. As 500 μl plasma with a high HIV-RNA was 
used, the lower detection limit for mutations was set at 1% in this study11. 

Clinical follow-up 
Subsequent response to virological treatment was monitored for all patients. 

Results
Patient characteristics
All patients were MSM and were diagnosed between 2003 and 2008. Their 
median age was 37 years old (range: 25-54 years). Two patients had a known 
negative HIV-1 test within one year before diagnosis, two within 2 years before 
diagnosis. Overall, from seven patients a negative HIV-1 test was obtained in 
five years preceding their diagnosis (See Table 1).

Median CD4 count at baseline was 240 (range: 30-490), and all patients had an 
HIV-1 RNA plasma level above the upper limit of quantification of 100,000 copies/ml 
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and were therapy-naive at the time of the baseline genotypic analysis. Population 
based sequence analysis of the pol gene on a sample at time of diagnosis (max 
1.5 months later) showed single resistance mutations in all patients (M41L, T69N, 
M184V, T215L, K219Q, T215E, T215S). The average time between diagnosis and 
therapy initiation was 9 months (range: 1-49 months). Patient characteristics, 
results of population-based genotypic analysis and therapy are described in Table 1.

UDPS
All samples had a high HIV RNA level enabling a high number of successful reads 
and thus a good representation of the viral population in plasma. This resulted in 
successful forward and reverse reads with a range of 1659-3140 reads per site 
(Median: 2558). A comparison of the population-based genotypic analysis and 
UDPS is shown in Table 1. 

The results of the UDPS were very similar to the population-based genotypic 
analysis. For 9/10 patients we did not detect any additional viral variants 
harboring major resistance mutations. Only in patient B, for whom a virus 
containing a single T69N change was identified by population sequencing, 
additional mutations were detected with UDPS: a mixture of T69D/N/A (2.6, 
12.3, 1.7% respectively) and variants containing K103N (7.4%). For patient 
C the initial sample containing M184V was not available for UDPS. In a sample 
drawn six months later, the M184V could not be detected by UDPS (Table 1). 

In some patients (A, F, H) additional minority wild type codons were detected with 
UDPS at positions where population sequencing found a drug resistant mutation. 
At position 215, atypical and intermediate variants are frequently observed by 
population sequencing. In none of the patients with atypical or intermediate 
codons at position 215 (S/E/L), additional resistant variants Y or F were found. 

Treatment response
HAART was initiated in all patients and clinical follow-up was monitored for 
3-69 months (median: 33 months) as is summarized in Table 1. The majority 
of the patients is currently still under treatment in our medical center. Patient J 
participated in a study for which he interrupted therapy after 6 months. Patients 
A and C were lost to follow-up after 3 and 14 months of treatment. The backbone 
of all therapy regimens consisted of tenofovir with emtricitabine. In addition to the 
NRTI backbone, eight patients started with a non-nucleoside reverse transcriptase 
inhibitor (NNRTI)-, one with a ritonavir-boosted protease inhibitor (PI/r) and one 
patient both PI/r and NNRTI. A rapid and consistent decline in plasma HIV RNA 
was observed in nine of ten patients (Figure 1). Patient B, the patient with minority 
resistance mutations detected by UDPS, was the only patient who experienced 
virological failure. Indeed, preexisting resistant variants with a K103N and variants 
at position 69 became the dominant species during virological failure. 
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Discussion 
We studied the viral quasispecies and therapy response in ten MSM who were 
diagnosed with a single transmitted NRTI-related drug resistance mutation 
(singleton). The objective of this study was to gain more insight into the 
relationship between singletons found at HIV diagnosis by population sequencing 
and the possible presence of additional resistance minority mutations. We used 
UDPS and therapy response to gain more insight into the possible presence of 
additional minority variants. Using UDPS we did not find additional minority 
resistance mutations in plasma from nine out of ten patients. Despite the use of 
low genetic barrier NNRTI-based regimens in most patients, no resistant viruses 
emerged in these nine patients. 

In the one patient that experienced therapy failure, we detected additional 
minority resistance mutations, K103N and a mixture at position 69, before 
therapy was initiated. This minority population became the dominant population 
during therapy and was most likely responsible for virological failure. 

Similar results were described in a report focusing on position 215 in reverse 
transcriptase. Using UDPS, no minority variants containing T215Y or F were 
detected in 22 patients infected with viral variants harboring atypical or revertant 
mutations at this codon12. Unfortunately this study did not report on therapy 
outcome. Several papers describe a higher risk of virological failure in therapy 
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Figure 1. Virological outcome of the first 80 weeks of follow-up. For all patients 
virological outcome was monitored. During the follow-up, the method of HIV-RNA 
determination changed from Cobas Amplicor 1.5 to Cobas Taqman 2.0 (both Cobas 
Ampliprep, Almere, the Netherlands). For this graph, a lower detection limit of 50 
copies/ml was used.
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naïve patients on an NNRTI-containing regimen when transmitted minority 
NNRTI mutations are found5, 11, 13, 14. The efficacy of NNRTIs is strongly affected 
by even a single mutation, whereas a combination of tenofovir and 3TC/FTC 
retains most of its activity in the setting of a transmitted single NRTI mutation.

We hypothesize that the absence of viruses with more extensive resistance profiles 
in these newly diagnosed individuals may be explained by circulation of viruses 
containing stable singletons. In treated individuals experiencing therapy failure, 
viruses containing complex resistance profiles can be selected15 and subsequently 
transmitted. In the newly infected individual, complex resistance profiles may 
partially revert in the absence of drug pressure resulting in (stable) singletons16. 
Onward transmission of these stable singletons by therapy naïve patients may 
have become an important source fuelling transmission of drug resistance. This 
is supported by the findings of large phylogenetic studies that indicate a major 
role of onward transmission during early HIV infection for the spread of HIV17, 18. 

Our data indicate that detection of a single NRTI mutation by population 
sequencing does not always imply the presence of clinically relevant additional 
resistance mutations. In clinical practice, many patients diagnosed with a 
singleton NRTI are treated with a high genetic barrier therapy containing a 
boosted PI. Our results, although the number of patients is small, suggest that 
a tenofovir based NNRTI regimen may be an effective alternative. Larger studies 
are warranted to determine the best treatment strategies for patients with 
transmitted NRTI singletons.
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Abstract
Objective In approximately 10% of newly diagnosed HIV-1 patients, viral 
variants harboring drug resistance mutations are detected. The M41L mutation 
in reverse transcriptase (RT) is one of the most frequently observed transmitted 
drug resistance mutations. We investigated the impact of a single M41L at 
baseline on selection of resistance against the first-line drugs tenofovir (TDF) 
and emtricitabine (FTC) in vivo and in vitro. 

Design Retrospective observational cohort study including 265 patients on a 
first-line regimen containing TDF and FTC and extensive in vitro investigation of 
selection of drug resistance by TDF and FTC. 

Methods Virological outcome of a regimen containing TDF and FTC in patients 
diagnosed with an HIV-1 variant harboring M41L (n=17) was compared 
to patients infected with wild type virus (n=248). In vitro selection of drug 
resistance under drug pressure with TDF and/or FTC was investigated for wild 
type virus and M41L-variants. 

Results Patients diagnosed with HIV-1 harboring a single M41L mutation had 
a comparable virological response on first-line therapy with TDF compared to 
patients diagnosed with wild type HIV-1. In vitro, the presence of a single M41L 
impacted neither the susceptibility to TDF nor the selection of resistance to TDF 
and/or FTC. The predominantly selected resistance mutations were M184V/I for 
FTC and K65R for TDF and TDF+FTC. 

Conclusions The presence of the RT M41L mutation in therapy naïve individuals 
does not impact the mutational profile selected by TDF. Therefore, a low-genetic 
barrier regimen may be initiated when M41L is present as a single resistance 
mutation at baseline. 
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Introduction
Approximately 10% of all newly diagnosed HIV-1 patients in Europe and the USA 
harbor a viral variant with at least one drug resistance mutation. The reverse 
transcriptase (RT) M41L mutation is one of the most frequently observed 
transmitted resistance mutations with a prevalence of 20-31% among patients 
diagnosed with drug resistant HIV-11-3. 

M41L belongs to the group of thymidine analogue mutations (TAMs) (M41L, 
D67N, K70R, L210W, T215Y/F, K219E/Q) which are selected by the nucleoside 
reverse transcriptase inhibitors (NRTIs) zidovudine and stavudine, which have 
been used extensively4, 5. TAMs do not only decrease susceptibility to zidovudine 
and stavudine, but also lead to cross-resistance to other NRTIs such as tenofovir 
(TDF). Clinical studies have shown that the presence of three or more TAMs, in 
particular patterns with M41L or L210W, impairs virological efficacy of TDF6-8. In 
patients infected with wild type virus, TAMs are rarely observed upon virological 
failure of TDF-containing first-line regimens. If resistance to TDF is selected, 
mutations K65R and/or K70E are primarily detected9-13. 

Little is known about the biological and clinical consequences of transmitted HIV-
variants harboring a single M41L in relation to the use of TDF. The presence of 
a single M41L at baseline does not lead to an evidently decreased susceptibility 
to TDF in vitro14. However, it remains unknown whether the presence of M41L 
decreases the genetic barrier to resistance or skews the resistance pathway 
towards accumulation of TAMs in case of virological failure. As the TDF and 
emtricitabine (FTC) co-formulation Truvada® is the most frequently used first-
line NRTI backbone in clinical practice, concerns for rapid selection of TAMs may 
result in the use of more complex initial regimens with a higher genetic barrier. 
However, this leads to an increased pill burden, elevated costs, and may increase 
toxicity. Insight into the effect of M41L at baseline on selection of resistance by 
TDF/FTC may improve first-line treatment options for patients. Furthermore, the 
FDA recently approved the use of TDF/FTC for pre-exposure prophylaxis (PrEP) 
to prevent HIV-1 transmission in high-risk individuals. Considering the frequent 
presence of the M41L mutation in transmitted HIV-1, it is essential to know 
whether this mutation could possibly influence the efficacy of TDF/FTC PrEP. We 
investigated the impact of a single M41L at baseline by studying therapy response 
to TDF/FTC in vivo and the selection of drug resistance to TDF and/or FTC in vitro.

Methods and Materials
Study population
We investigated individuals who were newly diagnosed with HIV-1 in two centers 
in the Netherlands, University Medical Center Utrecht and Rijnstate Hospital in 
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Arnhem. All patients were participants of the Dutch ATHENA Cohort. Inclusion 
criteria were: 1) baseline genotypic resistance test generated between 2007 and 
2010, 2) initiation of first-line therapy with a TDF/FTC-containing regimen, 3) at 
least one year of clinical follow-up after therapy initiation, and 4) detection of 
wild type virus or a variant harboring M41L as the only transmitted resistance 
mutation according to the IAS-USA list of resistance mutations15.

Clinical outcome
Low-genetic barrier antiretroviral therapy regimens were defined as TDF/FTC 
with a non-nucleoside reverse transcriptase inhibitor (NNRTI) or raltegravir as 
a third drug. Regimens that contained either a boosted protease inhibitor or 
>3 drugs were classified as high-genetic barrier regimens. Virological failure 
during the first year of treatment was defined as: 1) not achieving HIV-RNA <50 
copies/ml, or 2) HIV RNA >200 copies/ml after achieving HIV RNA <50 copies/
ml. The analyses were conducted on an intent-to-treat basis. Statistical analysis 
was conducted using Fisher’s exact test (categorical data) or Mann-Whitney U 
test (numerical data) in SPSS Statistics 19 (IBM). 

Phylogenetic analysis
Baseline population sequences of the HIV pol gene from all patients included 
in the cohort analysis were aligned using ClustalW. To avoid bias caused by the 
presence of M41L, amino acid position 41 in RT was removed from the alignment. 
A maximum-likelihood phylogenetic tree was calculated with MEGA 5.05 using 
the general time-reversing model of nucleotide substitution with Γ-distributed 
rate heterogeneity with 1000 bootstrap replicates. 

Virus panel
Three subtype B M41L-viruses were generated: two patient-derived M41L 
viruses (pM41L-1 and -2) and a site-directed mutant (SDM-M41L). One virus was 
selected from the large transmission cluster (Figure 1). To ensure results were 
not specific for the genetic background within that particular cluster, a second 
isolate with a single M41L that did not cluster was chosen (data not shown). 
The N-terminus of RT (amino acids 25-314) of both patient-derived viruses 
were amplified, digested and ligated using the previously described NRT-vector 
system16. The M41L mutation was introduced by site-directed mutagenesis in 
wild type HXB2 (primer M41L-RT: 5’-ATT TGT ACA GAG CTG GAA AAG GAA 
G-3’, nucleotides 2658-2682) using the aforementioned vector system. Clones 
were verified by sequence analysis. Virus stocks were obtained by transfection 
of HEK293T cells with plasmid DNA using Lipofectamine 2000 (Invitrogen) 
according to manufacturer’s protocol. TCID50 was determined by end-point 
dilution in MT2 cells (baseline viruses) or SupT1 cells (in vitro selection viruses). 
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In vitro drug selection and evolution
A checkerboard approach was used to determine the drug concentration of TDF 
in combination with FTC. SupT1 cells were inoculated with wild type (HXB2) at a 
MOI of 0.001 for two hours before a range of FTC (0-0.9 µM) and TDF (0-2.0 µM) 
was added. Cells were monitored regularly for cytopathic effect (CPE). Twice 
a week, half of the culture was replaced by culture media with the same drug 
concentrations. The highest drug concentrations of the cultures in which CPE 
developed after two weeks were used in the first passage of the in vitro selection 
experiments. The initial FTC concentration in the in vitro selection experiments 
of 0.011 µM FTC was below the 50% effective concentration (EC50) in SupT1 
cells, while the initial TDF concentration of 2 µM TDF was above the EC50.

In vitro selections were started in parallel five-fold cultures in which 2x105 
SupT1 cells were infected with an MOI of 0.001. The initial drug concentration 

Figure 1. Maximum likelihood phylogenetic tree of baseline sequences.  
The first available sequence of all patients included in the cohort analysis (n = 265) was 
used to calculate a maximum likelihood tree. Sequences harboring M41L in RT are 
indicated with a square.  
 

Figure 1. Maximum likelihood phylogenetic tree of baseline sequences. The 
first available sequence of all patients included in the cohort analysis (n = 265) was 
used to calculate a maximum likelihood tree. Sequences harboring M41L in RT are 
indicated with a square. 
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was 0.011 µM FTC, 4 µM TDF or 0.011 µM FTC + 2 µM TDF. Cultures were 
regularly monitored for CPE and replenished twice a week with fresh culture 
media supplemented with drug(s). When full-blown CPE was observed, cell-free 
supernatant was harvested and stored at -80oC. Subsequent passages were 
started by infecting 2x105 SupT1 cells with 10-50 µl virus of the previous 
passage. Drug concentrations were gradually increased to 0.352 µM FTC, 32 µM 
TDF or 0.132 µM FTC + 24 µM TDF. After five (TDF and TDF/FTC) or six passages 
(FTC), viral RNA was isolated for genotypic analysis of the entire RT gene. 
Increased drug levels of TDF and/or FTC repeatedly inhibited viral replication in 
several of the wild type and M41L cultures which were therefore discontinued. 
All viruses were propagated in five-fold for ten passages in the absence of drugs 
as a control. This revealed persistence of M41L in all cultures for 10 passages. 
No additional resistance-related mutations were selected in any of the cultures 
(Supplementary Table 1).

Phenotypic drug susceptibility
Viruses resulting from the in vitro selection experiments were expanded 
by infecting 2x106 SupT1 cells in the absence of drugs. The in vitro drug 
susceptibility of the virus panel was determined using a multiple cycle assay17. 
Resistance was defined as fold increase in EC50 compared to wild type. At least 
two independent experiments were performed to calculate phenotypic drug 
resistance. The susceptibility of all viruses with a single M41L to TDF and FTC 
were comparable to wild type virus (TDF EC50: 1.9 µM, FTC EC50: 1.6 µM in MT2 
cells) (Supplementary Table 2).

Results 
Transmission of HIV variants containing M41L
All patients from whom a baseline genotypic analysis was performed between 
2007 and 2010 were enrolled in this study. Of 530 patients, 279 initiated TDF/
FTC-containing first-line regimens and had at least one year clinical follow-up. 
Of these, 31 patients were diagnosed with drug resistant HIV-1, of which 17 
patients possessed a variant harboring only M41L. The remaining 248 patients 
were diagnosed with wild type virus. The latter two groups were included in the 
analysis (Figure 2).

Of the 265 patients included, 90% were male, and the main route of transmission 
was MSM contact (72%). Most patients were infected with HIV-1 subtype B 
(80%). At baseline, the median CD4 count was 290 cells/mm3 and median log 
plasma HIV-RNA was 5.1 copies/ml. Except for a slightly higher HIV-RNA (5.5 vs 
5.1, p = 0.033), the baseline characteristics of patients diagnosed with a M41L 
variant were comparable to patients with a wild type virus (Table 1). 
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Phylogenetic analysis of the viruses isolated from all patients included (n=265) 
revealed that 16/17 variants harboring M41L belonged to a large transmission 
cluster (Figure 1, bootstrap value 98%). These 16 clustering viruses were 
subtype B, whereas the non-clustering virus was subtype C. Although the two 
participating centers are located in distinct regions of the Netherlands, viruses 
from both centers frequently clustered, indicating highly interlacing epidemics. 

Clinical impact of a transmitted HIV-1 variants harboring M41L 
The majority of patients continued the initial first-line regimen during follow-up. 
Only 23/265 patients (8.7%) (temporarily) stopped TDF/FTC treatment or 
switched to other NRTIs, mostly as a result to toxicity (n=7) or patient decision to 
discontinue treatment (n=6). To assess whether detection of a single M41L in the 
baseline genotype influenced the choice of first-line therapy, the initial regimens 
of patients diagnosed with M41L-variant or wild type virus were compared. The 

Baseline genotype 2007-2010 
n = 530 

Initiated therapy 
n = 419 

Therapy Naïve: 
n = 111 

No TVD: 
n = 107 

TVD in first-line regimen 
n = 312 

Follow-up > 1 year 
n = 279 

Therapy  initiation > April 1st 2011: n = 18 
Deceased: n = 8 

Lost to follow-up: n = 7 

Resistance profile other than WT or a single M41L: 
n = 14 

WT:  
n = 248 

M41L:  
n = 17 

LGB: 
n = 150 
60.5% 

HGB: 
n = 98 
39.5% 

LGB: 
n = 6 

35.3% 

HGB: 
n = 11 
64.7% 

VF: 
7/150 
4.9% 

VF: 
5/98 
5.1% 

VF: 
0/6  
0% 

VF: 
1/11 
9.1% 

Figure 2. Inclusion of patients and clinical outcome of cohort analysis. 
Abbreviations: WT: Wild type virus, M41L: Variant harboring M41L as only resistance 
mutation, LGB: Low-genetic barrier regimen (truvada with a efavirenz, nevirapine 
or raltegravir), HGB: High-genetic barrier regimen (truvada with a boosted protease 
inhibitor or regimens containing >3 drugs), VF: virological failure. 
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comparison revealed that patients diagnosed with a M41L variant received a high-
genetic barrier regimen significantly more often than patients diagnosed with wild 
type virus (11/17 (64.7%) vs 98/248 (39.5%) Fisher’s exact test: p = 0.044). 

The rate of virological failure during the first year of treatment was comparable 
between patients diagnosed with a M41L variant or wild type (1/17 (5.9%) 
vs. 12/236 (5.1%), p=0.586). Interestingly, none of the patients diagnosed 
with M41L-variants who initiated a low-genetic barrier regimen experienced 
virological failure. The rate of virological failure on a low-genetic barrier regimen 
was not statistically different for patients infected with M41L-variants or wild 
type virus (0/6 (0.0%) vs 7/150 (4.9%), p=1.000). 

In the single patient infected with a M41L variant who experienced therapy 
failure on a high-genetic barrier regimen resistance testing did not reveal 
selection of additional NRTI mutations. For seven patients diagnosed with wild 
type virus, genotypic resistance analysis was successfully performed during 
virological failure. In one patient who received a high genetic barrier regimen 
a NRTI mutation (M184V) was selected. In another patient treated with a low-
genetic barrier regimen the NNRTI-related mutations K103KN and V106MV were 
detected in absence of M184V. 

Impact of M41L on in vitro selection of resistance to TDF and FTC
Impact of the M41L mutation on in vitro selection of resistance to TDF and FTC, 
was assessed by comparison of two patient-derived viruses containing M41L as 
the only major resistance-related mutation (pM41L-1 and -2), a site-directed 
mutant (SDM-M41L) and wild type virus. During these experiments the drug 
pressure was gradually increased and comparable selection rates were observed 

Table 1. Patient characteristics

Total 
n = 265

Wild type 
n = 248

M41L 
n = 17

Age median (IQR) 39.6  
(31.6-47.8)

39.6  
(31.2-48.4)

39.4  
(28.9-43.9)

Male gender n (%) 238 (89.8) 221 (89.1) 17 (100)
Transmission route 
n (%)

MSM 190 (71.7) 173 (69.8) 17 (100)
HSX 58 (21.5) 58 (23.4) 0 (0)
Other/unknown 17 (6.4) 17 (6.9) 0 (0)

Subtype B n (%) 213 (80.4) 197 (79.4) 16 (94.1)
CD4 cell count median (IQR), cells/mm3 290 (150-422) 289 (149-423) 337 (151-397)
Plasma HIV-RNA median (IQR) log 
copies/ml

5.1 (4.8-5.6) 5.1 (4.8-5.5) 5.5 (5.0-5.9)

Abbreviations:, IQR: Interquartile range, MSM: men having sex with men, HSX: heterosexual. 

Chapter 7

110



7

for wild type and SDM-M41L, indicating M41L does not affect the rate of selection 
of resistance mutations against TDF and FTC.

Under TDF pressure alone (Table 2, Supplementary Table 3), the M41L mutation 
persisted in 5/6 cultures, while no TAMs were selected. For wild type virus as well 
as M41L-containing viruses, the dominant selected resistance profile was K65R. 
The sole presence of K65R resulted in a 21-fold resistance against TDF (wild 
type virus) and 12 to 15-fold when K65R appeared in the background of M41L. 
Under FTC pressure alone (Table 2, Supplementary Table 4), M41L, if present 
at baseline, persisted in all cultures and no selection of TAMs was observed. 
Again, the resistance patterns of wild type and M41L-containing viruses were 
very similar. In the majority of cultures (15/17), mutations at position 184 
were selected. M184V conferred very high levels of phenotypic resistance to 
FTC (>300-fold) independent of the presence of M41L. The average level of 
resistance to FTC of a virus harboring M184I was 120-fold. In two cultures K65R 
was selected, once alone and once in combination with M184V. The effect of 
K65R on the level of resistance against FTC was independent of the presence of 
M41L (19 to 21-fold for wild type vs SDM-M41L).

Although all viruses were able to replicate under TDF pressure in combination 
with FTC during initial passages, viral replication was completely inhibited in the 
majority of cultures during later passages. Four cultures could be successfully 
propagated under high drug pressure, and in all four experiments K65R was 
selected (Table 2, Supplementary Table 5). 

Discussion
This study investigated the impact of the M41L mutation present at baseline 
on the development of resistance during exposure to TDF and FTC. Patients 
diagnosed with HIV-1 harboring M41L had an excellent virological response after 

Table 2. Resistance patterns and drug-susceptibility after in vitro selections

WT  
(number of cultures)

Fold 
resistance

M41L  
(number of cultures)

Fold 
resistance

TDF K65R (2/2) 21x K65R (5/6) 12 to 15x
D67G (2/6) 4x

FTC K65R (1/5) 21x K65R (1/12) 10 to 20x
D67G (1/5) n.d. D67G (1/2) 5x
M184I/V (4/5) 120 to >300x M184I/V/T (11/12) 65 to >300x

TDF/FTC K65R (4/4) 10 to 20x

Abbreviations: WT: wild type, M41L: Variants containing M41L, TDF: tenofovir, FTC: Emtricitabine, 
TDF/FTC: combination of tenofovir and emtricitabine. 
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one year of antiretroviral therapy containing TDF/FTC, even when treated with 
a low-genetic barrier regimen. Furthermore, the presence of M41L did not affect 
the selected mutational profile under drug pressure with TDF and/or FTC in vitro. 

In our cohort of 265 patients, 17 patients were diagnosed with an HIV-1 variant 
harboring a single M41L mutation, enabling us to investigate the impact of M41L 
on treatment outcome. Although these are relatively small numbers, this is, to 
our knowledge, the largest group of patients described with a similar transmitted 
mutation for whom outcome data is available. Of these 17 patients, 16 achieved 
and maintained a suppressed HIV-RNA during the first year of therapy, which 
is similar to the virological outcome of patients infected with wild type virus. 
Our findings suggest that a TDF/FTC-containing regimen can be efficacious for 
treatment of HIV-variants harboring a single M41L mutation. 

Previous research has focused on viruses containing complex TAM profiles because 
these were frequently observed in patients experiencing virological failure on 
thymidine analogues. In contrast, we focused on variants harboring a single 
M41L as this is the most frequently observed mutation in baseline genotypes 
of newly diagnosed patients. The detection of variants harboring a single M41L 
at diagnosis may be due to partial reversion of an extensive TAM profile after 
transmission from a treated patient to a new host. HIV-1 variants containing an 
extensive resistance profile may remain present as minority or archived variants, 
and may rapidly re-emerge after therapy initiation18. However, we observed 
large transmission clusters consisting of viruses with M41L from therapy-naïve 
individuals19, 20, which indicates that a large proportion of patients diagnosed with 
M41L variants may be infected due to onward transmission of HIV-1 variants 
harboring M41L as a single resistance mutation. In these patients it is unlikely 
that highly resistant minority variants are present in the quasispecies.

Furthermore, we explored the impact of the frequently transmitted M41L 
mutation on the selection of drug resistance in vitro. Both wild type viruses and 
viruses harboring M41L mainly selected the mutations K65R or M184V/I during 
in vitro pressure of TDF or FTC. Similar results have been reported by Margot 
et al.12, who characterized resistance profiles selected under pressure of these 
drugs for wild type virus alone. This study also showed that in vitro selection of 
resistance against TDF/FTC was strongly dependent on drug concentrations. At 
high concentrations of TDF and FTC, selection of K65R and M184V was observed. 
At intermediate concentrations of TDF and FTC, K65R was selected12, which is in 
agreement with our results. 

It has been shown that the presence of multiple TAMs decreases the ability 
of K65R to discriminate between NRTIs and the natural nucleoside resulting 
in a decreased level of resistance 21. Our data show that  the presence of 
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M41L alone already diminishes the negative effect of K65R on TDF susceptibility. 
This effect was most pronounced in patient-derived viruses. 

Recent evidence indicates that resistance or compensatory mutations related 
to TAMs or M184 variants can also be selected in the connection domain and 
RNaseH22, 23. Therefore, a possible limitation of this study is that only the 
N-terminus of RT was used for the generation of patient-derived viruses. 
However, sequence analysis of the entire RT gene revealed that mutations were 
selected in the C-terminus in only a minority of the cultures and no changes 
associated with therapy were observed22. 

Our data has important clinical implications. Our clinical data show that low-
genetic barrier regimens may be effective in treating patients diagnosed with a 
single M41L. This is especially true when the presence of additional TAMs in the 
quasispecies is unlikely, based on clinical or phylogenetic evidence. Additionally, 
M41L did not skew the virus towards selection of multiple TAMs. This suggests 
that the presence of a single M41L does not affect the genetic barrier towards 
selection of resistance against TDF and/or FTC. Our data indicate that the 
efficacy of TDF/FTC as PrEP will not be affected by the presence of a single 
M41L. Even more important, the presence of a single M41L has no major impact 
on the potential development of additional resistance mutations under PrEP. 

In conclusion, the presence of a single M41L at baseline did not impair the virological 
response to first-line regimens containing TDF nor impact selection of resistance to 
TDF and/or FTC in vitro. Taken together, these results suggest that initiation of a 
high-genetic barrier regimen may not be required when patients are infected with 
a drug resistant strain containing M41L as the only resistance mutation. 
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7
Supplementary Table 2. Drug-susceptibility to TDF and FTC for our virus panel 
and several in vitro-selected viruses

Viruses Drug culture
IAS 
mutations

Average fold resistance compared to 
wild type

Before in vitro selections TDF (sd) FTC (sd)

SDM-M41L M41L 1.3 (0.3) 0.7 (0.1)
pM41L-1 M41L 1.1 (0.1) 0.6 (0.2)
pM41L-2 M41L 1.5 (0.1) 1.4 (0.1)

After in vitro selections TDF (sd) FTC (sd)

wild type TDF IVS-4 K65R 21.0 (7.3) 21.2 (8.7)
SDM-M41L TDF IVS-1 M41L, K65R 14.9 (0.1) 19.4 (1.1)
pM41L-1 TDF IVS-5 M41L, K65R 14.1 (1.2) 12.7 (6.1)
pM41L-2 TDF IVS-5 M41L, K65R 12.5 (1.5) 9.9 (1.8)

pM41L-1 TDF IVS-1 M41L, N67G 4.4 (0.5) 4.7 (1.8)

Wild type FTC IVS-1 M184I 2.2 (1.1) 122.2 (36)

SDM-M41L FTC IVS-2 M41L, M184I 2.3 (0.9) 65.1 (35)
Wild type FTC IVS-4 M184V 2.8 (0.5) >300 (n.a.)
SDM-M41L FTC IVS-5 M41L, M184V 2.2 (0.7) >300 (n.a.)

All values are the average of at least two independent experiments. Abbreviations: TDF: Tenofovir, 
FTC: Emtricitabine, IVS: In vitro selection, sd: standard deviation, n.a.: not applicable.
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Supplementary Table 5. Resistance patterns of the virus panel after in vitro 
selections with FTC and TDF

16 41 65 75 122 135 162 178 211 214 245 248

Wild type M M K V E I S I R L V E

SDM-M41L • L R • • • • • • • • •

pM41L-1 • L • • K V C L T F M N

IVS-1 • L R I K V C L T F M N
IVS-3 • L R • K V C L T F M N
IVS- 5 I L R • K V C L T F M N

TDF: tenofovir, IVS: in vitro selection culture. Columns in grey indicate resistance positions; 
bold indicates a change during in vitro selection experiment. 
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Abstract
Background HIV-1 infected patients can be superinfected with additional HIV-1 
variants. Therapy failure can be the consequence of an infection with a resistant 
strain.

Methods A patient was diagnosed with a recent HIV-1 infection in April 2005 and 
subsequently clinically monitored. HIV-1 evolution was studied by population 
sequencing of the first 984 bases of the pol gene as well as 454 ultra-deep 
pyrosequencing (UDPS) of parts of the pol and env genes.

Results The patient was diagnosed with a wild-type HIV-1 strain, but 
experienced rapid virological failure after initiating a non-nucleoside reverse 
transcriptase inhibitor (NNRTI)-based treatment regimen three years later. 
Population sequencing and UDPS revealed the presence of second HIV-1 strain 
with a Y188L NNRTI resistance mutation in a sample obtained shortly prior to 
initiation of therapy. Phylogenetic analyses showed that the two HIV-1 strains 
were genetically distinct, providing evidence for superinfection. 

Conclusions The virological treatment failure in this patient was probably due to 
the superinfection with an NNRTI-resistant HIV-1 variant. Superinfection with drug 
resistant strains can undermine HIV-1 treatment regimens selected on the basis 
of resistance testing at diagnosis. Patients, especially in high-risk groups, as well 
as their clinicians, should be aware of the risks and dangers of superinfections. 
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Introduction
HIV-1 superinfection is defined as a second infection with a genetically distinct 
HIV-1 variant after the establishment of an adaptive immune response to the 
initial HIV-1 infection1. Estimates of the extent of superinfection differ widely 
between studies, ranging from no detected superinfections to an incidence 
comparable to that of initial infections2, 3. Superinfection may lead to failure of 
antiretroviral therapy because routine genotypic resistance testing at diagnosis 
may give misleading results. Superinfection with a wild-type virus can conceal 
an initial infection with a resistant variant4-6, while superinfection with a resistant 
variant may go unnoticed after initial detection of a wild-type variant. The latter 
scenario was observed by Smith et al7, who described a patient experiencing 
therapy failure after superinfection with an HIV-1 variant carrying two resistance 
mutations: the nucleoside reverse transcriptase inhibitor (NRTI)-related M184V 
and the protease inhibitor (PI)-related L90M. However, this patient was only 
intermittently compliant to his experimental triple NRTI regimen7. Here, we 
describe a recently infected HIV-1 patient who acquired a second, resistant 
variant that caused therapy failure. We confirm that the resistant variant was 
acquired through superinfection using ultra-deep pyrosequencing (UDPS). 

Methods
Clinical monitoring 
After diagnosis with a recent HIV-1 infection in April 2005, the patient was 
monitored by measurements of plasma HIV-1 RNA levels and CD4+ T cell counts 
(Figure 1). Plasma samples were cryopreserved at -70ºC until sequencing analysis. 

Viral sequencing 
Routine genotypic resistance testing was performed using the ViroSeq assay 
(Abbott Molecular, Hoofddorp, the Netherlands), which is based on population 
sequencing of a region of the pol gene corresponding to protease and N-terminus 
of reverse transcriptase (GenBank accession numbers: JQ711496-JQ711501). 
This region was also subjected to UDPS as described elsewhere (454 Life 
Sciences, Branford, CT, USA)8. In short, three overlapping cDNA fragments were 
generated and used for the amplification of eight overlapping amplicons that 
were subjected to UPDS. Using this protocol, a consistent detection of low-level 
variants has been described8, 9.

Another UDPS protocol was used to sequence one amplicon covering amino acids 
254-375 of the env gene using a modification of a previously described pol UDPS 
protocol10. HIV RNA was extracted from plasma with the RNeasy Lipid Tissue Mini 
Kit (Qiagen, Hilden, Germany) and used for RT-PCR with primers JA169-JA172 as 
previously described11 with the following modifications: Thermoscript (Invitrogen, 
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Carlsbad, California, US) was used for reverse transcription and sample-specific 
sequence tags were added to the inner primers as described elsewhere10. After 
quality controls, amplicons from all samples were pooled and sequenced in both 
forward and reverse direction on the GS FLX System (Roche Applied Science) 
according to the manufacturer’s instructions. The mean (±SD) efficiency of target 
RNA recovery of the env sequencing protocol is around 23% (20,9)10.

Phylogenetic analysis 
Population-based sequences were aligned with reference strains from the 
geographical area and the Los Alamos HIV database with ClustalW. A maximum 
likelihood tree was computed with MEGA 5.05 using the Tamura-Nei model with 
1,000 bootstrap replicates. 

The UDPS dataset was too large to compute a phylogenetic tree using all sequences; 
therefore two methods were used to analyze the dataset. First, all forward variants 
that were obtained with a frequency >1 and a length of >210 base pairs were 
analysed. Based on information obtained from the patient, his superinfection was 
most likely acquired in Germany. Therefore, sequences originating from Germany 
and the Netherlands were obtained from GenBank and the Los Alamos HIV 
database (Additional file 1). As the majority of these German and Dutch sequences 
represent subtype B, we have also included a subtype reference panel from the 
Los Alamos HIV database. All sequences were aligned to the HxB2 HIV reference 
sequence using ClustalX. A maximum likelihood tree was computed with MEGA 
5.05 using the Hasegawa-Kishino-Yano model with 1000 bootstraps. A second 
analysis including all high-quality UDPS reads is described in Additional file 2. 

Short tandem repeat (STR) profiling 
Genomic DNA was extracted using the ChargeSwitch Forensic DNA purification 
kit (Invitrogen, Carlsbad, CA, USA). Subsequently, DNA samples were amplified 
with the AmpF/STR Identifier commercial DNA profiling kit and analysed using 
the ABI 3130xl capillary electrophoresis machine and Genemapper software 
v3.7 (Applied Biosystems). In all steps, standard manufacturers’ protocols 
were followed. The European Network of Forensic Science Institutes DNA WG 
STR population database was used to calculate the likelihood that the samples 
originated from the same person. 

Results
The patient reported having had repeated unprotected same-sex sexual 
encounters before and after HIV-1 diagnosis. After a negative HIV-antibody test 
in November 2004, he experienced flu-like symptoms in March 2005, suggesting 
an acute HIV-infection. Subsequently, he tested positive for HIV antibodies in 
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April 2005 with a plasma HIV-1 RNA level of 3.7 log10 copies/ml and a CD4+ T cell 
count of 800 cells/mm3 in June 2005. The patient was also diagnosed with genital 
herpes simplex virus type 2 (August 2007), hepatitis C virus (November 2007), 
urethral Neisseria gonorrhoeae (June 2005 and November 2007) and Chlamydia 
trachomatis (June 2005 and November 2007). In January 2007, 22 months after 
HIV-1 diagnosis, his plasma HIV RNA had increased to 4.7 log10 copies/ml and 
the CD4 count had dropped to 410 cells/mm3. After two subsequent CD4+ T cell 
counts below 350 cells/mm3, therapy was initiated in March 2008. Based on a 
genotypic resistance test showing wild-type virus in June 2005, the patient was 
prescribed efavirenz, tenofovir and lamivudine. Although the patient reported 
good adherence to therapy, HIV-1 RNA levels remained high (Figure 1).

Additional genotypic resistance analyses were performed on samples from 
January 2007 and during therapy (Figure 1). Surprisingly, these analyses 
revealed a virus with the non-nucleoside reverse transcriptase inhibitor (NNRTI)-
related resistance mutation Y188L in a different genetic background than the 
initial virus. Y188L confers high levels of resistance against the commonly used 
NNRTIs efavirenz and nevirapine12. Population sequencing of subsequent plasma 
samples revealed the appearance of two additional resistance mutations (K103N 

Figure 1. Clinical, virological and immunological follow-up of the patient. Clinical 
events such as diagnosis of sexually transmitted diseases (STDs) and initiation of HAART 
are shown on the X-axis. Therapy regimens are indicated in boxes above the graph. 
Non-nucleoside reverse transcriptase inhibitor (NNRTI) therapy consisted of efavirenz, 
tenofovir and lamivudine, and ritonavir-boosted protease therapy (PI/r) comprised 
ritonavir-boosted lopinavir, tenofovir and lamivudine. Arrows indicate the time points at 
which ultra-deep pyrosequencing (UDPS) was performed. -, negative; +, positive. 
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and M184V) in this second genetic background. After switching to a boosted 
PI-based regimen, an adequate viral response was obtained (Figure 1). 

To confirm that the viral variant containing Y188L was different from the 
initial viral population, a maximum likelihood tree was computed based on all 
population sequences. This tree showed that the initial drug-susceptible virus 
was indeed phylogenetically unrelated to the patient’s subsequent drug-resistant 
viral variants, suggesting a possible superinfection (Additional file 3).

To distinguish between co- and superinfection, UDPS was performed on a sample 
from June 2005 and a sample from January 2007 when the Y188L mutation was 
first detected (Figure 1). UDPS analysis of RT shortly after at diagnosis (June 
2005) did not detect any viral variants with the Y188L mutation. Furthermore, 
several polymorphisms found in June 2005 could not be detected in the sample 
22 months later (January 2007), and vice versa (Table 1). The same two samples 
were also subjected to UDPS of the V3 env region. 

A phylogenetic tree based on all V3 variants detected as reads with a minimal 
frequency of two showed that sequences from the two time points formed two 
mutually exclusive, monophyletic  clusters with bootstrap values of 86% and 
88% (Figure 2). Similarity investigations and additional phylogenetic analyses 
(Additional file 4) corroborated the findings. Thus, the putative superinfecting 
strain was not detected in any of 60,591 pol and 14,085 env UDPS reads 
generated from the first plasma sample, which strongly indicates that it was not 
a minor variant in the initial inoculum.

Remarkably, the analyses also showed that the superinfecting resistant strain had 
completely replaced the initial population in plasma by January 2007, which indicates 
that it had much higher fitness. This fitness difference was not due to drug selective 
pressure as a complete replacement had occurred before HAART was initiated.

Table 1. Comparison of Pol Ultra-Deep pyrosequencing results at two time points. 

June 2005 January 2007

mutation variant % reads variant % reads

PR

L63P 100 10603 0 6291
V71V 99.86 10582 0 6291
V77I 0 10573 99.19 6305
I93L 99.91 7790 0 5156

RT Y188L 0 16118 98.76 6462

PR: Protease, RT: Reverse Transcriptase. 
The average read length was 182.7 (June 2005) or 189.5 (January 2007) base pairs. 
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Chapter 8 figure 2 (more simple version will 
probably look better) 

Figure 2. Maximum likelihood phylogenetic tree comparing env sequences 
obtained by ultra-deep pyrosequencing. A phylogenetic tree was calculated using 
all patient sequences obtained with a frequency of >1 and a length of >210 base pairs. 
Sequences from Los Alamos HIV database and GenBank were used as reference variants 
(Additional file 1). All clusters with a bootstrap value of ≥70 have been compressed.
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To confirm that our samples belonged to the same patient, STR profiling was 
carried out on the sample of June 2005 and a sample from 2009 using methods 
typically applied in forensic investigations. A completely identical AmpF/STR 
Identifier profile was obtained from both samples providing strong support 
(likelihood ratio: 1.08x1014) that the two samples originated from the same 
individual (Additional file 5).

Discussion
We describe a patient who was diagnosed with a drug-sensitive virus, and three 
years later failed to respond to a NNRTI-based regimen due to superinfection with 
a NNRTI-resistant variant. To investigate the dynamics of the viral populations over 
time, we applied UDPS to study the env and pol sequences from two samples8, 10. 
We were able to show the absence of the resistant variants in a sample taken 
shortly after seroconversion by analysing 74,676 reads of 9 amplicons. Since 
no additional material of the initial time point was available, we were unable to 
confirm these findings using other approaches such as allele-specific PCR. The 
original wild-type variants were not detected in a sample obtained 2 years later, 
when all variants in the quasispecies harboured the Y188L NNRTI mutation. Based 
on these results we conclude that superinfection had occurred. This conclusion 
is corroborated by the continuous risk behaviour demonstrated by this patient 
as manifested by the acquisition of multiple sexually transmitted diseases. It 
remains unknown why the later variant was able to rapidly replace the initial virus 
population. As this switch occurred before therapy initiation, a fitness factor other 
than drug resistance must have been involved. Many viral and host factors have 
been described to influence the viral fitness, such as the presence of immune 
epitopes13 or polymorphisms in other regions of the viral genome14. 

Smith et al.7 were the first to describe a patient who acquired a second, 
resistant HIV-1 variant harbouring the NRTI-related M184V and PI-related L90M 
mutation. This patient also experienced therapy failure, but only after reported 
low adherence to an experimental triple NRTI regimen7. In our case the patient 
reported good adherence of his NNRTI-based regimen, providing a stronger link 
between superinfection and therapy failure. 

The possibility of superinfection with a resistant variant has important clinical 
implications. Superinfection is a risk for HIV-positive individuals practising 
serosorting, i.e. unprotected sex with other HIV-1-infected persons. Patients, 
doctors and other health staff should be aware of the risk of superinfection with drug 
resistant HIV variants which may affect therapy efficacy. Clinicians may consider an 
(additional) genotypic analysis on a sample taken shortly before therapy initiation 
when their patient has been identified to be at high risk for superinfection.

Chapter 8

128



8

Acknowledgements and funding
We thank Bozena Hanczaruk from 454 Life Sciences for excellent technical 
assistance. 

This work was supported by the Aids Fonds, grant number 2007034. 

References 
1.	 Smith DM, Richman DD, Little SJ. HIV superinfection. J Infect Dis 2005; 192: 438-44.
2.	 Smith DM, Wong JK, Hightower GK et al. Incidence of HIV superinfection following 

primary infection. JAMA 2004; 292: 1177-8.
3.	 Rachinger A, Manyenga P, Burger JA et al. Low incidence of HIV-1 superinfection 

even after episodes of unsafe sexual behavior of homosexual men in the Amsterdam 
Cohort Studies on HIV Infection and AIDS. J Infect Dis 2011; 203: 1621-8.

4.	 Koelsch KK, Smith DM, Little SJ et al. Clade B HIV-1 superinfection with wild-type 
virus after primary infection with drug-resistant clade B virus. AIDS 2003; 17: F11-6.

5.	 Yang OO, Daar ES, Jamieson BD et al. Human immunodeficiency virus type 1 clade 
B superinfection: evidence for differential immune containment of distinct clade B 
strains. J Virol 2005; 79: 860-8.

6.	 Brenner B, Routy JP, Quan Y et al. Persistence of multidrug-resistant HIV-1 in 
primary infection leading to superinfection. AIDS 2004; 18: 1653-60.

7.	 Smith DM, Wong JK, Hightower GK et al. HIV drug resistance acquired through 
superinfection. AIDS 2005; 19: 1251-6.

8.	 Simen BB, Simons JF, Hullsiek KH et al. Low-abundance drug-resistant viral 
variants in chronically HIV-infected, antiretroviral treatment-naive patients 
significantly impact treatment outcomes. J Infect Dis 2009; 199: 693-701.

9.	 Le T, Chiarella J, Simen BB et al. Low-abundance HIV drug-resistant viral variants 
in treatment-experienced persons correlate with historical antiretroviral use. 
PLoS One 2009; 4: e6079.

10.	 Mild M, Hedskog C, Jernberg J et al. Performance of ultra-deep pyrosequencing in 
analysis of HIV-1 pol gene variation. PLoS One 2011; 6: e22741.

11.	 Leitner T, Korovina G, Marquina S et al. Molecular epidemiology and MT-2 cell 
tropism of Russian HIV type 1 variant. AIDS Res Hum Retroviruses 1996; 12: 
1595-603.

12.	 Bacheler L, Jeffrey S, Hanna G et al. Genotypic correlates of phenotypic resistance 
to efavirenz in virus isolates from patients failing nonnucleoside reverse 
transcriptase inhibitor therapy. J Virol 2001; 75: 4999-5008.

13.	 Yang OO, Sarkis PT, Ali A et al. Determinant of HIV-1 mutational escape from 
cytotoxic T lymphocytes. J Exp Med 2003; 197: 1365-75.

14.	 van der Kuyl AC, Kozaczynska K, Arien KK et al. Analysis of infectious virus clones 
from two HIV-1 superinfection cases suggests that the primary strains have lower 
fitness. Retrovirology 2010; 7: 60.

Therapy failure after superinfection with a drug-resistant variant

129



Supplementary data
Additional File 1. Reference variants used for UDPS phylogenetic analysis

GenBank ID:
gi|190351973|gb|EU744073.1|
gi|190351975|gb|EU744074.1|
gi|1151159|gb|U43141.1|HIVU43141
gi|301323605|gb|GQ390599.1|
gi|301323607|gb|GQ390600.1|
gi|301323601|gb|GQ390597.1|
gi|19919757|gb|AF490512.1|
gi|62361768|gb|AY882421.1|
gi|227015892|gb|FJ895904.1|
gi|332138519|gb|JF278258.1|
gi|332138809|gb|JF278403.1|
gi|301323521|gb|GQ390557.1|
gi|301323555|gb|GQ390574.1|
gi|301323553|gb|GQ390573.1|
gi|301323557|gb|GQ390575.1|
gi|57472405|gb|AY878687.1|
gi|57472411|gb|AY878690.1|
gi|301323681|gb|GQ390637.1|
gi|301323683|gb|GQ390638.1|
gi|301323685|gb|GQ390639.1|
gi|57472415|gb|AY878692.1|
gi|57472413|gb|AY878691.1|
gi|156567719|gb|EF531336.1|
gi|190352169|gb|EU744171.1|
gi|190352171|gb|EU744172.1|
gi|190351775|gb|EU743974.1|
gi|190351777|gb|EU743975.1|
gi|301323685|gb|GQ390639.1|
gi|57472415|gb|AY878692.1|
gi|57472413|gb|AY878691.1|
gi|156567719|gb|EF531336.1|
gi|190352169|gb|EU744171.1|
gi|190352171|gb|EU744172.1|
gi|190351775|gb|EU743974.1|
gi|190351777|gb|EU743975.1|
gi|190351773|gb|EU743973.1|
gi|301323475|gb|GQ390534.1|
gi|301323473|gb|GQ390533.1|

gi|301323445|gb|GQ390519.1|
gi|328774854|gb|HQ386174.1|
gi|301641421|gb|GQ390680.1|
gi|301323721|gb|GQ390657.1|
gi|301641419|gb|GQ390679.1|
gi|301323717|gb|GQ390655.1|
gi|301323723|gb|GQ390658.1|
gi|301641415|gb|GQ390677.1|
gi|19919759|gb|AF490513.1|
gi|288189448|gb|GU191439.1|
gi|288189340|gb|GU191385.1|
gi|57472401|gb|AY878685.1|
gi|328774930|gb|HQ386212.1|
gi|301323841|gb|GQ390739.1|
gi|301323839|gb|GQ390738.1|
gi|301323837|gb|GQ390737.1|
gi|328774892|gb|HQ386193.1|
gi|156567721|gb|EF531337.1|
gi|328774786|gb|HQ386140.1|
gi|301323781|gb|GQ390709.1|
gi|301323785|gb|GQ390711.1|
gi|301323783|gb|GQ390710.1|
gi|301323869|gb|GQ390753.1|
gi|301323859|gb|GQ390748.1|
gi|301323861|gb|GQ390749.1|
gi|301323909|gb|GQ390773.1|
gi|301323875|gb|GQ390756.1|
gi|301323905|gb|GQ390771.1|
gi|301323817|gb|GQ390727.1|
gi|301323819|gb|GQ390728.1|
gi|301323813|gb|GQ390725.1|
gi|301323299|gb|GQ390446.1|
gi|301323309|gb|GQ390451.1|
gi|328774824|gb|HQ386159.1|
gi|301323367|gb|GQ390480.1|
gi|156567703|gb|EF531328.1|
gi|288189400|gb|GU191415.1|
gi|288189408|gb|GU191419.1|
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gi|301323323|gb|GQ390458.1|
gi|115280025|gb|DQ871528.1|
gi|115279889|gb|DQ871460.1|
gi|301323343|gb|GQ390468.1|
gi|49617684|gb|AY669766.1|
gi|29409325|gb|AY093607.1|
gi|301323925|gb|GQ390781.1|

gi|301323945|gb|GQ390791.1|
gi|301323947|gb|GQ390792.1|
gi|282761896|gb|GU252765.1|
gi|282761910|gb|GU252772.1|
gi|190351973|gb|EU744073.1|
gi|190351975|gb|EU744074.1|
gi|1151159|gb|U43141.1|HIVU43141|

Los Alamos HIV database:

A.CD.97.97CD_KCC2.AM000053
03_AB.RU.97.KAL153_2.AF193276
B.DE.86.HAN.U43141
B.DE.86.D31.U43096
B.NL.00.671_00T103.AY423386
B.NL.86.H0320_2A12.U34603
B.NL.94.H1_46_5G2.EU744007
B.NL.95.H2_114_7H3.EU744052
B.NL.x.ENVVA.L08655
B.NL.90.H5_25_7G2.EU744159
B.NL.94.ACH142_*E11.DQ178989
B.NL.86.H434_8_A3.AY970946
B.NL.93.H3_40_10C9.EU744081
B.NL.x.168A.U15030

B.NL.96.H434_42_A1.AY970948
B.FR.83.HXB2_LAI_IIIB_BRU.K034 
B.DE.86.HAN.U43141
B.FR.00.309_L_1.AY535455
B.BE.05.N2_WEEK_8.FJ653258
B.US.x.s35_d0_c23.EU604556
C.AR.01.ARG4006.AY563170
C.ZA.00.00ZAPCP1.AY529667
D.BR.96.patient_96BRRJ100.DQ14
D.CD.84.84ZR085.U88822
F2.CM.02.02CM_0016BBY.AY371158
F1.AO.06.AO_06_ANG125.FJ900269
G.BE.96.DRCBL.AF084936
B.NL.86.3202A21.U34604

Additional File 2. Description of supplementary analysis

To make a more complete distinction between co- and superinfection, a second 
analysis of the UDPS results was performed using all env UDPS sequences. 
Pairwise global alignments of all reads of the June 2005 sample to the most 
common variant of the January 2007 sample were computed by the Needleman-
Wunsch algorithm. A similar alignment of all reads of the January 2007 sample 
to the most common variant of the June 2005 was also calculated. This analysis 
was performed separately for all forward and reverse reads. All resulting 
alignments were used to calculate the similarity of all variants, revealing a 
maximum similarity of 93.0% between sample and reference variant while the 
minimum similarity of sequences of the same sample was 96.8%. An additional 
phylogenetic tree was constructed using twenty single reads longer than 210 bp 
with the lowest and highest similarity score of both samples. This again showed 
no intermingling of sequences. 
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Additional File 3. A supplementary figure displaying a phylogenetic tree 
of pol sequences of the patient. Maximum likelihood tree of all pol sequences 
of the patient and 206 local references. Circles indicate samples from the patient, 
squares of the samples handled at the same day as the initial sample of the patient.
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Additional File 4. A supplementary figure displaying a phylogenetic tree 
of single env UDPS reads. Maximum likelihood tree of single, forward envelope 
reads of both time points (June 2005 and January 2007) with the lowest and 
highest similarity score as determined by the pairwise alignment.
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Additional File 5. Comparison of short tandem repeat profiles of two 
samples. Panel A shows the short tandem repeat profile of the sample from 
June 2005, panel B from 2009. 
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HIV variants harbouring transmitted drug resistance mutations (TDRM) can 
hamper effective treatment1-5. With a stable prevalence of about 10% in the 
Western world6-8, transmission of drug resistant HIV variants remains an 
important issue. In this thesis, transmission and evolution of HIV harbouring 
TDRM variants was studied. 

HIV Transmission 
Sexual transmission is the main route of HIV infection9. During sexual transmission, 
HIV virions must overcome multiple hurdles before being able to establish an infection 
in a new host. The first-line of defence is the physiological barrier: the mucosa, 
low pH and epithelial layer10, 11. Second, numerous secreted factors in the genital 
mucosa have anti-HIV activity, such as defensins and type I interferons12, 13. Third, 
when HIV is able to enter a target cell, virions need to evade intracellular restriction 
factors, for example SAMHD1 for successful replication13,14. In addition, Langerhans 
cells (LCs), which are a subset of dendritic cells (DCs) residing in the epithelial layer 
of the genital tissue, can internalize and degrade virions. As such, LCs can prevent 
HIV transmission15. However, LCs may also facilitate HIV transmission. When the 
protective function of LCs is saturated in the presence of a high viral inoculum or 
down-regulated due to LC maturation, LCs may become infected and subsequently 
transmit HIV to CD4+ T cells, the major target cells of HIV16-18. A second subset of 
DCs which can contribute to HIV transmission are DC-SIGN+ DCs, which reside in 
the sub-epithelium of the genital tract19. Transmission by DCs may occur as a result 
of uptake and transfer of virions (in trans), or by infection and subsequent de novo 
virus production (in cis)20, 21. In addition, HIV transmission may occur independent 
of DCs by direct infection of CD4+ T cells22. These extensively researched routes 
of HIV transmission are non-exclusive and the relative relevance in vivo remains 
undetermined (Schematic overview: Figure 1). 

It is thought that during the first few days after transmission, HIV replication 
is limited to a small number of cells in the lymphatic tissue. Once a replication 
threshold is reached, HIV can disseminate systemicly23, 24. During these first few 
days, systemic dissemination may be prevented by factors decreasing replication 
such as aforementioned immune responses and post-exposure prophylaxis22, 23. 
In the majority of individuals, only one or few viral variants are disseminated, 
resulting in a very homogeneous quasispecies during early infection25, 26.

We have investigated the impact of the replicative capacity (RC) of drug resistant 
HIV variants on the transmission efficacy. It has been described that some drug 
resistance mutations such as M184V in reverse transcriptase (RT) have a severe 
impact on the RC in primary T cells27. In this thesis, we demonstrated that HIV 
variants harbouring M184V are also less able to infect LCs and DC-SIGN+ DCs, and 
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thereafter are less efficiently transmitted to target cells (Chapter 2). Therefore, 
the RC of HIV variants may be an important determinant of successful HIV 
transmission to the new host as it impacts multiple routes of HIV transmission. 
As a result, when a mixture of drug resistant and wild type virus is present within 
a source individual, preferred transmission of wild type virus with a higher RC 
may occur. On a population level, the chance of establishing an HIV infection per 
risk event may be smaller for HIV variants with a lower RC.  

In the newly infected individual, it takes about ten days before HIV-RNA becomes 
detectable in plasma: the eclipse phase28. Subsequently, the transmitted virion(s) 
rapidly expand, reaching a peak viremea of 21-28 days post infection. At this time, 
HIV RNA levels are often above a million copies per ml, whereas CD4+ T cells are 
rapidly depleted in the blood and especially in the gut-associated lymphoid tissue. 
The viral load gradually decreases while an adaptive immune response develops, 
reaching a stable viral set point three to six months after infection29. HIV specific 

Figure 1. Biology of HIV transmission. Sexual transmission of HIV may occur by 
several non-exclusive routes. In mechanism 1, CD4+ T cells become infected directly. 
In mechanisms 2 and 3, dendritic cells such as langerhans cells and DC SIGN+ DCs 
are involved. DCs can take up and transfer HIV particles to CD4+ T cells in trans 
(mechanism 2) or become productively infected in cis (mechanism 3). 
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Figure 1. Biology of HIV transmission.  
Sexual transmission of HIV may occur by several non-exclusive routes. In mechanism 1, CD4+ T cells become 
infected directly. In mechanisms 2 and 3, dendritic cells such as langerhans cells and DC SIGN+ DCs are involved. 
DCs can take up and transfer HIV particles to CD4+ T cells in trans (mechanism 2) or become productively 
infected in cis (mechanism 3).  
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CD8+ T cells and antibodies cause evolutionary pressure, leading to the selection of 
“escape variants”, viral variants that are less recognized by the immune system30. 

Although the development of a natural immune response to HIV decreases 
viral replication, it is not protective against HIV infection. When an individual 
gains a second HIV infection with a genetically distinct HIV variant after the 
establishment of an adaptive immune response to the initial HIV infection it 
is called superinfection. Whereas large studies found a very low incidence of 
superinfection, detailed studies detected superinfection at a comparable rate 
to initial infections31-33. In Chapter 8, we described a patient who continued risk 
behaviour after HIV diagnosis and acquired a second HIV variant. This case is 
discussed in more detail below. 

It has been extensively researched whether transmitted HIV variants have special 
characteristics. Detailed analysis of the quasispecies of source and index patient 
suggest a preferential transmission of ancestral strains rather than variants 
circulating in plasma of the source individual34. This implies that transmitted 
variants have an advantage in the HIV transmission bottleneck and that these 
transmitted variants remain present in the new host. Furthermore, transmitted 
HIV strains seem to have a distinct phenotype when it comes to the envelope. 
Envelopes of transmitted strains seem to contain shorter variable regions, 
unique glycosylation sites and binding potential35-37. These transmitted strains 
may remain present as minorities in plasma38 or compartmentalize in the genital 
tract39. It would be interesting to investigate the evolution of pol of such persisting 
transmitted strains to gain more insight in transmission of drug resistance. 

Evolution of HIV after Transmission 
After transmission of HIV to a new host, drug resistance mutations selected 
in a previous host are no longer beneficial for the virus in the absence of drug 
pressure but may decrease the viral RC. In chapter 3, we identified three pathways 
describing evolution of HIV variants harbouring TDRM after transmission. First, 
reversion often occurs when resistance mutations have a high impact on RC, 
such as M184V in RT40-42. Second, atypical variants which are neither wild type 
or resistant variant may be selected when such atypical viral variants increase 
the RC. Atypical variants are frequently observed at positions where the 
difference between drug resistant and wild type amino acid is two nucleotides, 
such as position 215 in RT43. Third, persistence of TDRM is observed, which 
can be explained by two mechanisms. Persistence may occur when evolution 
is constrained by fixation through compensatory mutations, which has been 
demonstrated for the combination M41L and V60I in RT44. In addition, resistance 
mutations may persist when they have a minor impact on the RC45. In chapter 5, 
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we describe a group of patients infected with a circulating HIV variant harbouring 
a persisting mutational profile of four resistance-related mutations in RT. The 
RC of this viral variant was in the range of HIV wild type variants. This suggests 
that the TDRM are well-compensated resulting in either compensatory fixation or 
prolonged persistence due to limited RC advantage of revertants. 

The fitness of a viral variant is not only determined by the RC but also by the 
host environment. In Chapter 8, we describe a patient who was initially infected 
with a drug susceptible HIV variant. Superinfection with a second drug resistant 
HIV variant resulted in therapy failure. Interestingly, the superinfecting drug 
resistant variant completely outcompeted the initial wild type HIV variant in this 
patient, indicating a higher fitness. Unfortunately, we did not have sufficient 
patient material to investigate viral and host factors explaining this outgrowth 
of a drug resistant virus. 

As mentioned before, the immune system is an important force in HIV evolution. 
Although most immunological pressure is exerted on gag, env and nef29, 46, 
epitopes in protease and RT have been described as well47, 48. For some resistance 
mutations located on epitopes it has been described that the peptide including drug 
resistance mutation can elicit both stronger or weaker responses from cytotoxic 
T cells than epitopes with wild type amino acids48, 49. In that case, the immune 
response can drive evolution towards persistence or reversion of resistance 
mutations. However, lists for the investigation of transmitted drug resistance are 
designed to only include mutations selected by exposure to drugs in a previous 
host50, 51. Thus, it is unlikely that included drug resistance mutations are selected 
by the immune system rather than exposure to drugs in a previous host. 

Sources of Drug Resistant HIV Variants
In 75-80% of treatment-experienced patients with a detectable plasma HIV 
RNA, viral variants with reduced drug susceptibility can be detected, this often 
concerns resistance against several drug classes52, 53. These patients are an 
obvious source of transmitted drug-resistant HIV variants. However, onward 
transmission of variants harbouring TDRM by treatment-naïve patients also 
plays a major role in the epidemiology of transmitted drug resistance. 

The epidemiology of transmitted drug resistance provides important insights in 
the sources of HIV variants carrying TDRM. In contrast to therapy-experienced 
patients, HIV variants in newly diagnosed patients mostly harbour resistance 
profiles limited to single drug classes54. Mostly this concerns thymidine analogue 
mutations (TAMs), especially M41L and variants at position 2158, 55. TAMs 
(M41L, D67N, K70R, L210W, T215Y/F, K219E/Q) are selected by zidovudine and 
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stavudine, two nucleoside reverse transcriptase inhibitors (NRTIs) that have 
been extensively used as antiretroviral treatment56-58. Current therapy regimens 
are increasingly successful in suppressing HIV RNA, resulting in a lower incidence 
of selecting drug resistance55, 59, 60 and rarely select TAMs61, 62. Although, after 
transmission certain mutations may revert in the absence of drugs, limited TAM 
profiles tend to persist over time (chapter 3 and 4). Thus, a large proportion of 
transmitted drug resistance mutations that are observed nowadays were most 
likely selected in the past and are the result of onward transmission. 

In addition, phylogenetic clustering of transmitted HIV variants strongly suggests 
onward transmission as several groups have described transmission clusters of 
recently infected or newly diagnosed patients63-65. As described in chapter 5, we also 
observed a transmission cluster containing viruses carrying a stable profile of TDRM. 

Furthermore, novel, very sensitive sequencing methods can provide a more 
comprehensive view of the viral quasispecies, providing insights in the transmitted 
viral variants. In chapter 6 we investigated the presence of clinically relevant minority 
variants by deep sequencing of baseline samples and virological follow-up after 
therapy initiation of patients diagnosed with HIV variants harbouring a single TDRM. 
The absence of minority variants in these patients suggests onward transmission 
of variants with TDRM rather than transmission from therapy-experienced sources. 
However, we cannot completely exclude reversion as mutations will eventually 
revert below the detection limit of sensitive methods as well66. 

The long-term persistence and subsequent onward transmission of HIV variants 
harbouring TDRM imply that these variants are establishing a stable role in the 
HIV epidemic. It is important to determine the impact of these circulating HIV 
variants on drugs currently used in clinical practice, and for antiretrovirals used 
as prevention of transmission.  

Implications of Transmitted Drug Resistance
Clinical Impact of Frequently Transmitted HIV Variants Containing 
TDRM
Current recommended first-line regimens contain two NRTIs combined with either 
a non-nucleoside reverse transcriptase inhibitor (NNRTI), boosted protease 
inhibitors (PIs), or integrase inhibitor67, 68. Large studies have demonstrated 
that transmitted drug resistant HIV variants can contribute to virological 
therapy failure1-5. However, such studies often investigate transmitted variants 
harbouring TDRM in general, rather than specific resistance profiles. 

In patients diagnosed with a HIV variant carrying TDRM, the most frequently 
observed resistance mutations are the NRTI-related mutations M41L and 

General Discussion

141



Figure 2. Onward transmission of HIV. The Y-axis represents evolution within the 
host, the arrows depict 3 transmission events between 4 hosts. The left individual 
was infected with a drug susceptible virus (green), but drug resistance mutations 
accumulate during treatment failure. The second individual is infected with an HIV 
variant harbouring a complex drug resistance profile (red), which partially reverts 
in the absence of drugs. This partially reverted virus (yellow) persists and is 
subsequently transmitted to two new hosts. 

variants at position 215, and the NNRTI-related K130N7, 8. M41L and T215Y/F 
are both TAMs selected by drugs extensively used in the past, but which can 
contribute to broad cross-resistance against currently used drugs. At position 
215, the selection of resistant amino acids tyrosine or phenylalanine requires two 
nucleotide changes from the wild type amino acid threonine. After transmission 
of variants harbouring tyrosine or phenylalanine at position 215, single 
mutations resulting in intermediate or atypical codons are often observed. It has 
been described that such intermediate and atypical variants at position 215 do 
not cause decreased susceptibility against thymidine analogues. However, the 
presence of a 215 variant in a transmitted virus decreases the genetic barrier for 
zidovudine69 and increases the risk of therapy failure after initiation of a first-line 
regimen containing thymidine analogues70. It remained an important question 
whether limited TAM profiles impact the efficacy of current first-line regimens. 
We demonstrated that the presence of a single M41L has no impact on selection 
of drug resistance by tenofovir (TDF) and emtricitabine (FTC) in vivo or in vitro 
(chapter 7). As a result, initiation of a high genetic barrier regimen with a higher 
pill burden, increased toxicity and elevated costs may not be necessary when a 
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single M41L is detected at baseline. Indeed, a retrospective study investigating 
the impact of a single TAM in transmitted HIV variants revealed no difference 
on the virological outcome of current first-line regimens (C. van Nispen tot 
Pannerden, personal communication). 

This limited impact for TAMs is in sharp contrast to the NNRTI-related K103N. The 
presence of K103N renders HIV completely resistant against the frequently used 
NNRTIs efavirenz and nevirapine71. As a result, transmission of viral variants 
harbouring K103N has a high impact on treatment efficacy2. 

Expanding the Investigation of Transmitted Drug Resistant HIV 
Variants
A viral variant must be present in the quasispecies as at least 10-25% of the viral 
population if it is to be detected by standard population sequencing based assays. 
Due to reversion of transmitted resistance mutations, population sequencing may 
not always be able to detect transmitted drug resistant HIV variants. However, 
resistance mutations can remain present as minority variants in plasma, 
archived as proviral DNA or in compartments other than blood. The presence of 
minority variants harbouring additional TDRM may contribute to therapy failure72. 
Technical advances have made it possible to investigate the viral population in 
more detail, for example by single-genome sequencing73, allele-specific PCR74 
and ultra-deep pyrosequencing75. We used the state-of-the-art technique ultra-
deep pyrosequencing to investigate the presence of additional resistant minority 
variants in patients diagnosed with an HIV variant harbouring a single TDRM. As 
described in Chapter 6, such resistant minority variants could be detected in only 
one out of ten patients. Larger studies are warranted to investigate the possible 
association between the mutational profile observed by population sequencing 
and the presence of additional drug resistant minority variants. 

Current diagnostic resistance tests usually only determine resistance mutations 
in protease and the N-terminus of RT. However, outside of this region resistance 
mutations related to protease and RT inhibitors can also be selected. 

Mutations in gag, the natural substrate of protease, are involved in the 
development of resistance against protease inhibitors76-78. The limited research on 
natural variation in gag makes it difficult to distinguish between polymorphisms 
and drug resistance mutations. This complicates the determination of the 
impact of gag mutations on virological failure to PIs79 and the investigation of 
transmitted drug resistance in gag. 

There is mounting evidence that mutations in the connection and RNaseH 
domain of RT contribute to drug resistance against NRTIs and compensation 
of a decreased RC caused by resistance mutations80. Inclusion of gag and the 
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C-terminus of RT in genotypic analysis and epidemiological studies may provide 
useful insights in the clinical relevance of these mutations and on transmission 
of drug resistant HIV variants. 

HIV treatment has greatly improved in recent years, resulting in increased 
virological suppression and decreased selection of drug resistance55, 59. However, a 
number of individuals still experience therapy failure, possibly related to selection 
or transmission of drug resistance. Fortunately, an increasing number of drugs 
is available for the treatment of HIV. The list of recommended first-line choices 
NRTIs, NNRTIs and PIs has recently been expanded to include the integrase 
inhibitor raltegravir68, 81. In addition, the fusion inhibitor enfuvirtide (T-20), and 
co-receptor antagonist maraviroc have been approved for clinical use82. In total, 
24 drugs are currently available for HIV treatment, and more are on their way. 
Although therapy regimens have improved, drug resistant HIV-variants can still 
be selected and subsequently transmitted. After approval of enfuvirtide and 
raltegravir it took three and four years respectively until transmission of drug 
resistance against these new drug classes was described83-85. If the use of drugs 
from additional drug classes increases, it is also likely that transmission of HIV 
variants harbouring TDRM against these drug classes increases. In that case, 
monitoring of transmitted HIV-variants harbouring TDRM against such new drugs 
becomes important. In addition, molecular epidemiology including genes affected 
by newly approved drug classes may provide insights in the sources of transmitted 
drug resistant variants and the transmission dynamics of HIV. 

Prevention of Transmission with Antiretroviral Therapy
Although huge efforts are made to decrease transmission of HIV and new 
infections have decreased 15% in the last 10 years, an estimated 6.000 people 
are newly infected worldwide every day86. One of the strategies to prevent HIV 
transmission is pre-exposure prophylaxis (PrEP), the treatment of uninfected 
individuals to reduce the risk of HIV infection. After promising results in primate 
models87-90, several large studies in different populations and risk groups 
have been performed with oral or gel formulated tenofovir (TDF) or tenofovir/
emtricitabine (TFD/FTC)91-95. Whereas some studies were discontinued due to 
lack of efficacy93, 96, the majority of studies described an incidence reduction 
of 39 to 75%, and even higher when incompliant participants were censored. 
The U.S. food and drug administration (FDA) recently approved the use of 
TDF/FTC as prevention for HIV uninfected individuals with high risk for HIV 
infection. However, there are several downsides of TDF/FTC as PrEP. The costs 
for antiretrovirals remain high, drugs need to be taken daily and toxicity can 
be a problem. In addition, development of drug resistance is a major concern97. 
It has been described that HIV drug resistance is selected in some individuals 
infected during PrEP, although a case-report described low-level viremia with wild 
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type virus and delayed seroconversion98. To prevent selection of drug resistance, 
HIV tests are recommended at least every three months during PrEP. Modelling 
predicted that when risk behavior remains stable, the absolute transmission of 
wild type and drug resistant HIV variants will decrease99. 

The impact of transmitted drug resistance on the efficacy of PrEP is thought 
to be small, as variants resistant to both TDF and FTC are rarely observed 
in newly diagnosed patients97. However, it remained unknown whether the 
frequently transmitted M41L-HIV variants have an impact on efficacy of PrEP, 
or development of resistance during PrEP. In Chapter 8, we demonstrated that 
the presence of M41L does not affect the susceptibility of HIV to TDF and FTC, 
nor change the selected resistance profile. However, as both drugs in PrEP are 
frequently used in clinical practice, transmission from patients experiencing 
therapy failure is still a risk. PrEP strategies may be improved by using 
drugs for PrEP that are not commonly used as treatment, limiting the clinical 
consequences when drug resistance does develop. Furthermore, new drugs with 
a very long half live are being developed100 which may decrease pill burden 
and thus increase adherence. However, such long-lived drugs also provide new 
challenges in preventing the development of drug resistance as their activity 
cannot be stopped if an individual becomes infected despite PrEP. 

A second strategy that is currently explored for prevention of HIV transmission is 
“Test and treat”. As there is a strong correlation between plasma HIV RNA and risk 
of HIV transmission101, it was hypothesized that HIV treatment may prevent HIV 
transmission. Indeed, large studies have shown a reduction in HIV transmission 
of up to 96% in discordant couples of whom the HIV positive partner achieved 
an undetectable HIV RNA due to treatment102, 103. Vertical transmission from HIV 
positive mothers to their babies is very common (15-45%) but can be greatly 
reduced with drug interventions, and decreases to <0.5% when mothers have 
an HIV RNA below 50 copies/ml104-106. Mathematical modelling showed that HIV 
transmission can be reduced or even eliminated when everyone at risk for HIV 
infection is tested yearly and treated immediately after diagnosis107, 108. However, in 
daily practice many challenges need to be overcome to optimize the impact of “test 
and treat” for effective prevention. Development and transmission of drug resistance 
may increase if “test and treat” is implemented, compromising the positive effects. 

Transmission of Drug Resistant Viruses
Almost thirty years of extensive HIV research has not only greatly improved 
our knowledge of HIV and the prospects for patients, it also pushed forward the 
knowledge on immunology and viral evolution. Insights gained in the field of HIV 
may be applicable to other viruses, and vice versa. 
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Influenza, the causative agent of flu, causes severe symptoms in three to five 
million people worldwide, killing about 250,000 to 500,000 yearly109. Two classes of 
drugs are available to prevent and treat influenza virus: M2 ion channel inhibitors 
and neuraminidase inhibitors. Resistance to oseltamivir, the most important 
neuraminidase inhibitor, is caused by a single mutation in neuraminidase. 

The 2009 pandemic strain was resistant against the M2 ion channel inhibitor 
amantadine but the prevalence of H275Y remained low and almost exclusively 
occurred in patients who had been treated with oseltamivir110, 111. However, 
transmission of pandemic influenza with H275Y has been described on a small 
scale112. Animal experiments revealed that pandemic influenza resistant to 
oseltamivir is efficiently transmitted113. The risk of large scale transmission of 
mantadine and oseltamivir resistant influenza therefore remains a possible scenario. 

Although a single H275Y comes with a fitness cost in vitro, compensatory mutations 
in neuraminidase may cause a higher transmissibility of resistant influenza114. As 
the balance between neuraminidase and hemagglutinin is essential for influenza, 
compensatory mutations may also be selected in hemagglutinin. When more 
compounds become available for treatment of influenza, combination therapy 
may be useful to hamper or even prevent selection of drug resistance.

This rapid selection and transmission of drug resistant influenza variants is 
in sharp contrast to herpes viruses. Herpes simplex virus (HSV) has a very 
high prevalence and individuals remain infected for the rest of their lives. 
During latency there is no viral production. During primary and recurrent 
infections however, even when asymptomatic, virus production, shedding, and 
possible transmission occurs115. The nucleoside analogue acyclovir is used on 
a large scale for treatment, suppression and prophylaxis of herpes viruses. 
Interestingly, the prevalence of acyclovir-resistant HSV is several times higher 
in immune-compromised patients than in immune-competent patients116, 117. 
This is probably due to higher exposure to drugs and increased replication in 
immune-compromised patients. Drug resistance is usually selected in the viral 
thymidine kinase TK, which is necessary to phosphorylate and thereby activate 
acyclovir118. However, a mouse study showed that a functional TK increases the 
virulence and capacity to reactivate of HSV119, which may contribute to the low 
rate of selection and transmission of drug resistant HSV.

Treatment of HSV with acyclovir inhibits HIV replication in co-infected patients. 
In vitro, the propagation of HIV under pressure of acyclovir results in selection 
of the NRTI-related resistance mutations V75I and M184I120. As these mutations 
impact the sensitivity of HIV to NRTIs71, 121, this needs to be considered when 
treating HSV and HIV co-infected patients. 
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Prospects of Transmission of Drug Resistant HIV 
Variants
Combination antiretroviral therapy has changed the future of HIV infected 
individuals. Instead of merely delaying a fatal disease by drugs that unavoidably 
resulted in selection of drug resistant HIV variants, modern treatment options 
have changed HIV into a chronic infection. Current therapy regimens contain 
fewer pills, cause less toxicity and select for drug resistance less frequently. 
However, the efficacy of these regimens can be hampered by transmission of 
drug resistant HIV variants. Especially the increasing prevalence of transmitted 
NNRTI-resistance in newly diagnosed patients during recent years is worrying7, 122, 
as only a single mutation is required for high levels of resistance against the 
first generation NNRTI. Well tolerable, potent new drugs, preferably complete 
regimens combined in a single tablet, will be beneficial to treat patients with 
transmitted as well as acquired drug resistant HIV variants. 

Suppression of the viral load does not only improve the outcome of the patient 
on therapy, it also greatly reduces the chance of HIV transmission102, 103. In 
addition, PrEP may contribute to prevention of transmission. However, prevention 
of transmission through the use of the same antiretrovirals as those used to 
treat infected individuals  does carry the risk of selection and circulation of  HIV 
variants harbouring TDRM. Therefore, development of user friendly and potent 
novel therapeutics with a different mode of action to prevent HIV transmission 
will hopefully succeed in the near future. To achieve this, it is important to 
further unravel the biology of HIV transmission in vivo. 

In the past decade, huge efforts have been made to increase treatment in 
resource-limited settings, where the disease burden is highest. Although 
availability of treatment increases life expectancy and quality of many individuals 
and decreases the chance of HIV transmission103, 123, it also leads to selection 
and transmission of drug resistant HIV variants124, 125. To minimize the problems 
of selection and the subsequent transmission of drug resistant HIV variants, it is 
essential to provide affordable monitoring of therapy efficacy and drug resistance 
testing. Furthermore, in resource-limited settings, subtypes other than the most 
studied subtype B predominate. Selection of drug resistance can differ for non-B 
viruses126, 127. It is of great importance to elucidate the differences in selection of 
drug resistance for non-B subtypes, both for wild type strains and for frequently 
observed variants harbouring TDRM.   
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Conclusions
Drug resistant HIV variants with a diminished RC also have a lower transmission 
efficacy. In case drug resistant HIV variants are transmitted, reversion of mutations 
can occur in the absence of drugs. However, mutations can also persist due to a low 
impact on RC or the selection of compensatory mutations. Onward transmission of 
established HIV variants harbouring TDRM is a major force in fuelling the epidemic 
of drug resistant HIV variants. Such stable, frequently transmitted variants which 
were mostly selected in the past may have limited clinical impact for current first-
line regimens. Further epidemiological, clinical and virological research studying 
transmission of drug resistant HIV remains warranted.
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Nederlandse samenvatting  
voor niet-wetenschappers
Wereldwijd zijn er ongeveer 34 miljoen mensen besmet het humaan 
immunodeficiëntie virus, kortweg HIV. Wanneer een HIV geïnfecteerd 
individu niet behandeld wordt, zal deze na ongeveer 5 tot 10 jaar “acquired 
immunodeficiency syndrome” ofwel AIDS ontwikkelen. Het immuun systeem is 
dan zodanig verzwakt dat het geen weerstand meer kan bieden tegen virussen, 
bacteriën en schimmels waarvan gezonde personen niet ziek zouden worden. 

Inmiddels zijn er goede medicijnen die de replicatie van HIV kunnen remmen. 
Een geschikte combinatie van medicijnen kan de replicatie van HIV zelfs (bijna) 
volledig onderdrukken. Nucleoside reverse transcriptase remmers (NRTI) lijken 
op nucleosiden, de bouwstenen voor de vorming van viraal DNA, maar stoppen 
reverse transcriptase zodra de NRTIs worden ingebouwd. In eerstelijns therapie 
worden meestal twee van deze NRTIs gegeven in combinatie met een derde 
medicijn. Vaak is dit een non-nucleoside reverse transcriptase remmer (NNRTI) 
die het reverse transcriptase enzym remt, of een protease remmer (PI) die het 
virale eiwit protease dat andere virale eiwitten knipt remt. Helaas kan HIV zich 
zo aanpassen dat het minder gevoelig wordt voor medicijnen, dit doordat het 
virus resistentie mutaties selecteert. 

Medicijnresistente HIV varianten kunnen ook worden overgedragen. Bij maar 
liefst 1 op 10 nieuw gediagnosticeerde patiënten wordt een HIV variant met 
resistentie mutaties gevonden. Als er bij het selecteren van antivirale therapie 
geen rekening mee wordt gehouden dat de patiënt is geïnfecteerd met een 
resistente HIV variant kan dit bijdragen aan therapie falen. 

Tijdens therapie falen worden andere resistentie mutaties gevonden dan bij 
nieuw gediagnosticeerde patiënten. Dit verschil is het grootst bij de mutatie 
M184V/I in reverse transcriptase. Dit is namelijk de meest voorkomende mutatie 
gedurende therapie falen terwijl deze mutatie maar zelden wordt gevonden in 
nieuw gediagnosticeerde patiënten. Het is bekend dat de aanwezigheid van 
deze mutaties ervoor zorgen dat het virus minder goed kan repliceren. Het zou 
zo kunnen zijn dat virus varianten met een lage replicatie capaciteit minder 
efficiënt worden overgedragen. In hoofdstuk 2 laten we inderdaad zien dat 
resistente HIV varianten met een lagere replicatie capaciteit minder goed 
worden overgedragen dan medicijngevoelig HIV en medicijnresistent HIV met 
een hoog vermogen tot replicatie. 

Indien een resistente HIV variant over wordt gedragen naar een nieuwe gastheer, 
kan HIV zich aanpassen aan de nieuwe omgeving waar geen selectiedruk van 
medicijnen is. Om dit te onderzoeken hebben we een overzicht gemaakt van de 
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beschikbare literatuur, wat beschreven is in hoofdstuk 3. Dit liet zien dat er drie 
mogelijkheden zijn voor resistentie mutaties in overgedragen HIV varianten. 
Ten eerste kunnen resistentie mutaties verdwijnen, wat vooral gebeurt als de 
resistentie mutatie een grote negatieve invloed heeft op de replicatie van het 
virus. Een tweede mogelijkheid is het selecteren van zogenaamde atypische 
varianten, dat zijn aminozuren die geen resistentie of wild type aminozuur 
zijn. De derde mogelijkheid is het persisteren van resistentie mutaties, wat 
verassend vaak werd geobserveerd. Dit kan worden veroorzaakt doordat 
sommige resistentie mutaties maar een klein effect hebben op de replicatie van 
HIV. Ook kan HIV additionele mutaties selecteren die ervoor zorgen dat de lage 
replicatie capaciteit van resistente HIV varianten wordt gecompenseerd. Als een 
virus met zo’n combinatie van mutaties wordt overgedragen, zijn er meerdere 
stappen nodig voor reversie naar wild type virus. Als alle mogelijke stappen de 
virale replicatie capaciteit verlagen, kunnen resistentie mutaties niet reverteren. 
We noemen dat compensatoire fixatie. 

De voorgaande studies volgden kleine aantallen patiënten en gebruikten 
verschillende methoden om evolutie van resistente HIV varianten te onderzoeken. 
Daarom hebben we in hoofdstuk 4 op een systematische manier en in meer 
detail gekeken naar de evolutie van HIV resistentie in een grotere groep 
patiënten. Hoewel de meeste resistentie mutaties de replicatie capaciteit van HIV 
verlagen, werd er bijna geen reversie van resistentie mutaties waargenomen. 
We verwachten dat dit komt door compensatoire mutaties die de replicatie 
capaciteit van virussen met resistentie mutaties verhogen. 

In hoofdstuk 5 hebben we een groep patiënten die met een vergelijkbaar virus 
met meerdere resistentie mutaties zijn gediagnosticeerd in detail bestudeerd. 
Hieruit bleek dat deze HIV variant minimaal 7 jaar lang via zowel homo- als 
heteroseksueel contact werd overgedragen naar tenminste 8 nieuwe patiënten. 
Dit konden we verklaren doordat het virus goed kon repliceren. Gelukkig was 
deze HIV variant ondanks de aanwezigheid van meerdere resistentie mutaties 
toch gevoelig voor de huidige medicijnen. 

Een andere manier om te onderzoeken of resistentie mutaties persisteren is 
door gebruik te maken van nieuwe technieken die veel gevoeliger dan voorheen 
resistentie mutaties kunnen detecteren. We hebben deze moderne techniek 
in hoofdstuk 6 gebruikt om te kijken of er virale varianten met additionele 
resistentie mutaties aanwezig waren in patiënten waarbij standaard technieken 
slechts één resistentie mutatie vonden. De afwezigheid van zulke additionele 
resistentie mutaties in het merendeel van de onderzochte patiënten maakt het 
waarschijnlijk dat deze patiënten geïnfecteerd zijn met een circulerende HIV 
variant met stabiele resistentie mutaties. 
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Een belangrijke vraag is of die circulerende HIV varianten met een beperkt 
resistentie profiel van invloed zijn op de werkzaamheid van de huidig 
beschikbare medicijnen. In hoofdstuk 7 hebben we laten zien dat de meest 
voorkomende resistentiemutatie bij nieuw gediagnosticeerde patiënten, M41L 
in reverse transcriptase, geen invloed heeft op de selectie van resistentie tegen 
moderne NRTIs in vitro. Ook reageerden patiënten met een M41L HIV variant 
in de meeste gevallen goed op therapie, net zoals patiënten die met een wild 
type virus gediagnosticeerd waren. Dit betekend dat de detectie van M41L geen 
reden hoeft te zijn voor een meer ingewikkelde combinatietherapie met meer 
tabletten, grotere kans op bijwerkingen en hogere kosten. 

In hoofdstuk 8 beschrijven we een patiënt die gediagnosticeerd werd met een 
wild type virus. Echter, na het starten van therapie bleek dat de patiënt ook was 
geïnfecteerd met een tweede, medicijnresistente, HIV variant (een zogenaamde 
superinfectie) waardoor de eerstelijns therapie faalde. Deze casus laat zien dat 
zowel patiënten als clinici moeten uitkijken voor de gevaren van superinfecties. 

Dit proefschrift laat zien dat het circuleren van HIV varianten met stabiele, beperkte 
resistentie patronen een belangrijke bron van overgedragen HIV varianten met 
resistentie mutaties is. Daarnaast toonden we aan dat sommige van deze varianten 
geen invloed hebben op de werkzaamheid van moderne medicijnen. 
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“Dream on, dream until your dreams come true”
― Steven Tyler

http://www.youtube.com/watch?v=KmbSx_8Q4RU


Propositions

The replicative capacity of HIV can impact the efficacy of transmission (this thesis)

Persistence of transmitted drug resistance mutations causing a decrease 
in replicative capacity can be explained by compensatory fixation (this thesis)

Onward transmission is an important source fuelling the epidemic of transmitted 
drug resistant HIV variants (this thesis)

Phylogenetic clustering of HIV can provide useful clinical and public health 
insights (this thesis)

The frequently transmitted HIV M41L variant does not impact the resistance 
pattern selected by tenofovir and therefore has limited clinical significance 
(this thesis)

“There are more proviruses in us than there is us in us”
― John Coffin

There is a significant difference between statistical significance and biological 
significance

When it comes to DNA, size does matter

“It is all right to make mistakes; nothing is perfect because with perfection, 
we would not exist” 
― Stephen Hawking

“Life, in short just wants to be”
― Bill Bryson

 “A little nonsense now and then, is cherished by the wisest men” 
― Roald Dahl 
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